University of Kentucky

UKnowledge
Theses and Dissertations--Chemical and
Materials Engineering

Chemical and Materials Engineering

2020

UNDERSTANDING AND MITIGATING THE
ELECTROCHEMICAL-MECHANICAL DEGRADATION OF
HIGH CAPACITY BATTERY ELECTRODES
Dingying Dang
University of Kentucky, dingying.dang@uky.edu
Author ORCID Identifier:

https://orcid.org/0000-0003-1243-9857

Digital Object Identifier: https://doi.org/10.13023/etd.2020.342

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Dang, Dingying, "UNDERSTANDING AND MITIGATING THE ELECTROCHEMICAL-MECHANICAL
DEGRADATION OF HIGH CAPACITY BATTERY ELECTRODES" (2020). Theses and Dissertations--Chemical
and Materials Engineering. 123.
https://uknowledge.uky.edu/cme_etds/123

This Doctoral Dissertation is brought to you for free and open access by the Chemical and Materials Engineering at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Chemical and Materials Engineering
by an authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Dingying Dang, Student
Dr. Yang-Tse Cheng, Major Professor
Dr. Matthew Beck, Director of Graduate Studies

UNDERSTANDING AND MITIGATING
THE ELECTROCHEMICAL-MECHANICAL DEGRADATION
OF HIGH CAPACITY BATTERY ELECTRODES

________________________________________
DISSERTATION
________________________________________
A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Engineering at the University of Kentucky

By
Dingying Dang
Lexington, Kentucky
Director: Dr. Yang-Tse Cheng, Professor of Chemical and Materials Engineering
Lexington, Kentucky
2020

Copyright © Dingying Dang 2020
https://orcid.org/0000-0003-1243-9857

ABSTRACT OF DISSERTATION

UNDERSTANDING AND MITIGATING
THE ELECTROCHEMICAL-MECHANICAL DEGRADATION
OF HIGH CAPACITY BATTERY ELECTRODES
Lithium-ion batteries (LIBs) with high energy density and cycling stability play a
critical role in developing electric vehicle (EV) and grid energy storage techniques. The
electrochemical performance of LIBs can be improved by using high capacity positive
(e.g., LiNi1/3Mn1/3Co1/3O2, i.e., NMC111) and negative (e.g., silicon) electrodes; both,
however, experience severe electrochemical-mechanical degradation caused by the
lithiation/delithiation induced volume changes. Understanding mechanical degradation
mechanisms and their relationships with the capacity fading of electrodes is important for
improving the cycling stability of electrodes as well as optimizing the design of electrodes
with high capacity electrode materials.
As one of the current commercial positive electrodes, NMC degrades because of
the structural disintegration of its secondary particles, which consists of submicron primary
particles. The decohesion of primary particles leads to the loss of electronic conductivity
and low utilization of NMC. Hence, the fracture behavior of NMC particles is crucial to
optimizing the performance of NMC electrodes. Using flat punch indentation
measurements, the intergranular dominating fracture behavior of single NMC secondary
particles with different sizes and at various state-of-charge (SOC) was investigated. The
critical load corresponding to the fracture of secondary particles increases with increasing
particle size, while the fracture strength (𝑆𝑡 ) is statistically independent of the particle size.
Electrochemical cycling has tremendous effects on the fracture behavior, as 𝑆𝑡 decreases
remarkably just after the first delithiation. In addition, 𝑆𝑡 decreases during delithiation and
increases during the subsequent lithiation process due to the SOC-dependent stress
generated in secondary particles. Possible approaches to enhance the structural integrity of
NMC secondary particles are proposed based on these findings.
Low-cost Si microparticles (SiMPs) are a promising high capacity negative
electrode material for LIBs. The lithiation/delithiation-induced substantial volume change,
inevitable fracture, and unstable solid electrolyte interphase (SEI) of SiMPs impede the
applications of SiMP electrodes. Several recent studies have shown that using proper
polymeric binders can mitigate the electrochemical-mechanical degradation of SiMPbased electrodes. Yet, a guidance for designing effective binders for SiMP electrodes is
lacking. Herein, the effect of binders on the degradation behavior of SiMP electrodes and
its correlation with binders’ properties were investigated. The comparison among three
binders, i.e., polyvinylidene fluoride, Nafion, and sodium-alginate, shows that the strong
adhesion between binders and Si is not the dominating parameter for the degradation of
SiMP electrodes. Mechanical properties of binders are of critical importance. Furthermore,
poly(acrylic acid) (PAA) and Li substituted PAA (PAA-xLi, x ≤ 1) were used as a model

binder system to study the effects of binders on the electrochemical stability of SiMP
electrodes. Due to the metal cation-induced electrostatic association of carboxyl groups,
PAA-xLi binders exhibit different mechanical properties, adhesion with Si, and
electrochemical stability. As a result, SiMP/PAA-xLi electrodes show different cycling
stabilities and C-rate capabilities following the sequence of PAA-0.75Li > PAA-0.5Li >
PAA-0.25Li > PAA-1Li > PAA-0Li. The correlation between the electrochemical
performance of SiMP/PAA-xLi electrodes and the properties of PAA-xLi further suggests
that the critical properties of binders for SiMP electrodes are robust mechanical properties,
strong adhesion with Si, and electrochemical stability, all of which are more demanding
than those of Si nanoparticle-based electrodes.
In full cell applications, SiMP electrodes, even made of the state-of-the-art binders,
always suffer from the insufficient cycle life because the formation of SEI irreversibly
consumes Li ions and electrolytes. To address this issue, a pre-cycling method was
developed to stabilize SiMP electrodes before assembling full cells. During pre-cycling,
SiMPs gradually pulverize into clusters consisting of nano-sized particles. SEI is generated
in electrodes. The full cells made of the pre-cycled SiMP/PAA-0.75Li electrodes show
much slower capacity fading than those made of fresh SiMP/PAA-0.75Li electrodes
whereas pre-cycling has little improvement on the full cell performance of SiMP/PAA-0Li
electrodes.

KEYWORDS: Lithium-ion Battery, Fracture, Degradation, NMC, Polymeric Binder,
Silicon
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CHAPTER 1. INTRODUCTION
1.1

Rechargeable Lithium-Ion Batteries
Lithium-ion batteries (LIBs) play an important role in various energy storage

applications, especially electric vehicles (EVs) [1, 2]. Since high energy density LIBs are
one of the major barriers to develop EVs, world-leading car companies have been devoting
considerable efforts to battery technologies with the critical requirements in high energy
density, high power density, high durability/long life, high safety, and low cost. To achieve
these goals, researchers have been dedicating to optimizing each component of battery
cells, including electrode materials, electrodes, electrolyte, separator, and current collector.
Among these, electrode materials are of utmost importance in determining the energy
density of a cell, while the synergy among each component of electrodes will largely
influence the feasible capacity, efficiency, and stability of a cell.
So far, some major challenges, especially electrochemical and mechanical
degradation, impede the development of high capacity battery electrodes [3-5].
Comprehensive studies on mechanics of battery electrodes are needed to understand the
degradation mechanism of electrode materials and electrodes as well as to optimize the
electrode design.
A typical LIB cell consists of 4 main parts: a positive electrode (cathode), a negative
electrode (anode), a separator, and an organic liquid electrolyte (the ion conductor), as
schematically shown in Figure 1.1. During discharge, lithium (Li) ions are extracted from
the negative electrode, transported through the electrolyte, and inserted into the positive
electrode. During charge, Li ions migrate in a reverse way. The state-of-the-art commercial
LIBs primarily use graphite as the anode material and layered lithium metal oxides
(LiCoO2, for example) as the cathode. A porous separator between the positive and
negative electrodes is to avoid short circuit while allowing ion transport during charging
and discharging. The solid electrolyte interphase (SEI) is also of great interest. It commonly
forms on the anode surface during the electrochemical cycling due to the decomposition of
the electrolyte. This layer, consisting of organic and inorganic components, is normally an
electrical insulator but Li ion conductor. It can be protective and passivate the active
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material surface, protecting the electrode from mechanical and electrochemical
degradation. Researchers have attempted to create reliable SEI by electrolyte modification
and artificial SEI design [1, 6].

Figure 1.1. A schematic illustration of a typical LIB cell: (a) aluminum current collector;
(b) cathode; (c) porous separator; (d) solid electrolyte interface layer; (e) graphite anode;
(f) copper current collector. Both electrodes and the separator are immersed in the
electrolyte [7].
1.2

High Capacity Battery Electrodes

1.2.1 Composite Battery Electrodes
Composite electrodes are the current choice for commercial LIBs with established wet
processes of making electrodes: slurry mixing → slurry casting on a current collector →
drying → calendering. A slurry consists of (1) the active material (AM), which contributes
to the electrode capacity, (2) the conductive agency, which increases the electronic
conductivity of the electrode, (3) the binder, which binds powders of the active material
and conductive agency together and maintains the mechanical integrity of the electrode,
and (4) the solvent, which dissolves the binder and forms slurries. A well-mixed slurry is
then cast on a current collector and dried to evaporate the solvent. In the dried electrode,
the active layer (AL) is a composite of the AM, the conductive agent, and the binder. The
process for preparing composite electrodes is shown schematically in Figure 1.2. The
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obtained electrode sheet is then calendered to reduce the porosity, ε, as shown in Figure
1.3.
It should be noted that the ratio of each component in the composite AL, the selection
of the binder, and the porosity all influence the mechanical properties of the composite
electrode and the electrochemical performance of the composite electrode. A thorough
understanding of the composition-porosity-determined mechanical-electrochemical
coupling of the electrode is necessary. In some cases, for example, for the fragile brittle
NMC positive electrode, the calendering process can break NMC secondary particles,
which is detrimental to the electrode performance. The calendering load should be chosen
with great care based on the mechanical behavior of NMC particles and the applied load
and stress.

Figure 1.2. A schematic of the composition of a slurry and the procedure for preparing an
electrode sheet.
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Figure 1.3. A schematic of the calendering process [8].
1.2.2 Positive Electrode Materials
The layered intercalation compound, LCO (LiCoO2, lithium cobalt oxide), is currently
a common cathode material for LIBs. It is also the first commercialized cathode for LIBs,
proposed by Goodenough in 1980 and commercially implemented by Sony Co. in 1991 [9,
10]. Despite its high specific energy and good durability, the high cost and toxicity of Co
(cobalt) remain the bottleneck of its applications in the LIB industry. In addition, it suffers
from low thermal stability and fast capacity fade at high C-rates or during deep cycling
with a high cutoff voltage [11].
Other popular materials for the positive electrode include LFP (LiFePO4), LMO
(LiMn2O4), NCA (LiNiCoAlO2), and NMC (LiNiMnCoO2). LFP, due to its cobalt-free and
abundance nature, is cost- and eco-friendly. The low specific energy (90–140 Wh kg-1 in
full cells) hinders its application in EVs, despite its durability (up to 2000 cycles). LMO is
also cheaper and less toxic than LCO. Other notable strengths are its higher thermal
stability and long cycle life. But its energy density is pretty low (100–140 Wh kg-1). NCA
(typically LiNi0.8Co0.15Al0.05O2) has been used in LIBs for Tesla. It provides outstanding
specific energy (200–250 Wh kg-1) and has a long stable cycle life (1000–1500 cycles)
while reducing the consumption of cobalt [12].
NMC, especially NMC 111 (LiNi1/3Co1/3Mn1/3O2), is another commonly used cathode
material in commercial LIBs. Despite their relative lower energy density (140–200 Wh kg1

), NMC111 electrodes can sustain more stable cycles (1000–2000 cycles) than NCA. Each

transition element benefits the performance in different ways. Ni enhances the specific
capacity, Co is responsible for the structural stability, and Mn increases the thermal
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stability of NMC. By tailoring the ratio of Ni: Mn: Co, NMC with good combinations of
capacity, stability, and cost can be developed. Now the nickel-rich NMC 811 with high
capacity and long cycle life is considered the next milestone to be achieved [9, 12, 13].
1.2.3 Negative Electrode Materials
Graphite is the dominant active material for negative electrodes in commercial LIBs.
Graphite electrodes were first proposed in the 1970s and commercially implemented in
1991 to build rechargeable LIBs [9]. The mechanism for its implementation resides in the
reversible electrochemical intercalation of lithium in graphite carbon layers. Based on the
formula, LiC6, the theoretical capacity of graphite is 372 mAh g-1. Graphite has been the
predominant negative material of LIBs industrially for decades. It is largely because of a
combination of its merits, such as, high electrical conductivity, low delithiation potential
vs. Li/Li+, low volume change during lithiation/delithiation, good reversibility, long cycle
life, and relatively low cost. However, its limited theoretical specific capacity and low
volumetric capacity (330–430 mAh cm-3) restrict its applications in high energy density
LIBs. Besides, the low lithiation potential (85–220 mV) vs. Li/Li+ renders graphite
electrodes liable to lithium plating, which raises safety issues [11].
LTO (Li4Ti5O12) is an alternative to graphite as the negative electrode with a higher
lithiation/delithiation potential plateau at 1.55 V vs. Li/Li+, which can avoid lithium
plating. It is safe to use and has very good capacity retention during long term cycling.
However, its lower theoretical capacity (175 mAh g-1) and higher price make it much less
prevalent than graphite in current LIB industry [14].
Silicon (Si) is one of the most promising alternatives of graphite as the negative
electrode for the next generation LIBs. It has high theoretical specific capacity, 3579 mAh
g-1 (based on the formation of Li15Si4 alloy) or 4200 mAh g-1 (based on the formation of
Li22Si5 alloy), high volumetric capacity, 9786 mAh cm-3 (based on the initial volume of
Si), and a low delithiation voltage of ~0.4 V. The natural abundance and non-toxicity of Si
make it cost efficient and environmentally friendly [15]. However, one major challenge
hinders the commercialization of Si electrodes, i.e., the huge volume expansion, over
300%, that Si suffers during its lithiation. The dramatic volume change during cycling
makes Si electrodes mechanically vulnerable. Fracture or pulverization of Si particles and
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cracks in Si electrodes are apt to happen during electrochemical cycling. The consequent
continuous electrolyte consumption and SEI formation can cause low Coulombic
efficiency and quick capacity fading of Si electrodes. To overcome those challenges,
nanosized silicon particles are proposed to be the active material because their high surface
energy makes the fracture of the particles energetically unfavorable [16, 17].
Another drawback of Si is its low electronic conductivity. Therefore, a considerable
portion of the conductive agency, such as carbon black (CB), should be added in Si
composite electrodes. Reliable polymeric binders are in demand not only to hold the
composite together and build the electronic connection, but also, more importantly,
suppress the mechanical degradation and maintain the integrity of the electrodes.
1.3

Polymeric Binders for LIB Electrodes
Polymeric binders are an indispensable component for composite electrodes and could

play a crucial role in the performance of battery electrodes though they take only a small
ratio of the electrode weight (usually less than 5 wt%). The primary role of binders is to
bind the electrode materials and conductive agent together and adhere the electrode layer
to the current collector. Desirable binders are also expected to benefit the electrode
preparation and performance with the following merits: (1) acting as a dispersing agent to
help disperse particle homogeneously in a slurry; (2) bridging particles via intermolecular
interactions to maintain the mechanical integrity of composite electrodes; (3) enhancing
the electronic contact upon lithiation/delithiaiton to enable electrons to tunnel through
polymer chains; (4) chemically and electrochemically stable with little solubility in the
electrolyte; and (5) low-cost and environment friendly.
For LIB cathodes, polyvinylidene fluoride (PVDF) is one of the dominating binders
due to its mechanical, chemical, and electrochemical stability. However, employing PVDF
involves using the toxic volatile organic solvent, i.e., N-methyl-2-pyrrolidone (NMP),
during the electrode preparation process. In addition, PVDF swells significantly in the
organic electrolyte and has low elastic strain [18], which leads to the breaking of bonds
between the active material and the conductive carbon when expansion/contraction of the
active material occurs during cycling, particularly at high temperature. Recently, aqueous
binder systems have been investigated for cathodes. Xu et al. found that NMC111
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electrodes made of carboxymethyl cellulose (CMC) have much better rate capability than
that made of PVDF as CMC can effectively reduce the charge transfer resistance [19].
Besides, due to its strong binding ability, the polyacrylic acid (PAA)-NMP system renders
LiMn2O4 cathode 74.8% capacity retention after 100 cycles at 55 ℃ , higher than
LiMn2O4/PVDF and LiMn2O4/CMC cathodes cycled under the same conditions [20].
On the anode side, the conventional PVDF binder fails to boost the electrochemical
performance of high capacity anode materials because it can only form weak mechanical
interactions with the active particles via Van der Waals force and cannot effectively buffer
the massive volume changes of particles during cycling. For Si anodes, effective binders
should be able to bind Si particles with carbon black to maintain the electrical conductivity
of Si particles even if fracture happens [21]. It has been found that binders with abundant
carboxyl or hydroxyl groups, such as PAA and CMC, can form covalent or hydrogen bond
with Si surface and thus maintain the mechanical and electronic integrity of Si composite
electrodes [18, 21-23]. In addition, the mechanical properties of binders themselves also
matter since they can apply mechanical interlocking to Si particles and influence the mass
transport by affecting the evolution of porosity and volume change during cycling [24]. In
addition, the cracking behavior of Si composite electrodes also strongly depends on the
binders [25]. Recently, more binder design concepts have been proposed and implemented
to improve the performance of Si electrodes, including self-healing binders [26-28], highly
elastic binders [29], and conductive binders [30, 31], which help reduce the amount of
carbon black and improve the energy density of the electrode.
1.4

Electrochemical-Mechanical Degradation of Electrodes
As Li ions are inserted into or extracted out of electrode materials, the phase

transformation induces deformation and volume change in the range between several to a
few hundred percentages (depending on materials and cycling protocols). The
heterogeneous expansion and shrinkage within electrode materials and the constrain from
inactive materials (e.g., binders and current collectors) result in stresses in electrodes and
cause various mechanical degradation, such as the fracture of active materials, cracking of
the electrode matrix, debonding of solid electrolyte interphase (SEI) layers, and
delamination between the electrode layer and the current collector. The interplays between
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these mechanical failures and electrochemical reactions lead to the electrochemicalmechanical degradation of battery electrodes.

Figure 1.4. (a) Extensive cracks forms in a LixMn2O4 particle after 16 deep cycles (1 < x <
2) and 51 normal cycles (0 < x < 1) [32]. (b) Potential effects of particle fracture on the
electrochemical degradation of LixMn2O4 electrodes [33].
Despite its relatively small volume change of several percent, cathode materials suffer
from significantly structural disintegration and mechanical failures. For example, visible
extensive cracks occur in LixMn2O4 (LMO) particles after 16 deep cycles (1 < x < 2) and
51 normal cycles (0 < x < 1) [32], as shown in Figure 1.4(a). The fracture of LMO particles
is considered to trigger the electrode fragmentation and electronic isolation, acceleration
of transition metal dissolution, and electrolyte decomposition, as shown in Figure 1.4 (b)
[33]. Similar fracture issues also pose challenges for the long-term cycling stability of
NMC and NCA cathodes [34, 35].

Figure 1.5. A schematic shows the operation mechanism of the highly elastic PR-PAA
binder to hold pulverized SiMPs together and dissipate the stress during repeated volume
changes of SiMPs [29].
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The electrochemical-mechanical degradation of anode materials is more severe as
their volume changes over tens and even hundreds of percent. Taking Si electrodes as an
example, the huge volume change of Si inevitably induces fractures in Si microparticles,
wafers, and thin film electrodes. The SEI continuously forms on the fractured surface,
consuming Li ions and electrolytes. In addition, cracks usually break the electronic path
and reduce the activity of Si, lowering the material utilization in Si electrodes. Fortunately,
several approaches have been developed to mitigate the electrochemical-mechanical
degradation of Si composite electrodes. For example, nanostructured Si particles with a
characteristic size below 150 nm can keep the structure intact during cycling and render Si
composite electrodes better capacity retention than Si microparticles [16]. In addition,
functionalized binders have been developed to alleviate the effects of volume changes of
Si. For example, the polyrotaxane modified highly elastic PAA (PR-PAA) binder can keep
pulverized Si microparticles together without disintegration [29], as shown in Figure 1.5.
Even under full cell operating conditions, the Si electrodes made of PR-PAA binders can
render the cathode a stable areal capacity of 2.88 mAh cm-2.
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CHAPTER 2. FRACTURE BEHAVIOR
ELECTROCHEMICAL CYCLING1
2.1

OF

NMC SECONDARY PARTICLES: EFFECTS

OF

Introduction
LiNi1/3Mn1/3Co1/3O2 (NMC111) is one of the commercialized cathode materials and

has been widely used in high capacity LIBs. To improve the energy density at the electrode
level, NMC secondary particles are widely used to improve the packing density of NMC
composite electrodes. A typical NMC secondary particle, as shown in Figure 2.1, is a
micro-sized agglomeration of submicron primary particles. Both the secondary and
primary particles are brittle in nature and vulnerable to fracture under external and internal
stress. The mechanical integrity of NMC secondary particles plays a vital role in the
electrochemical degradation of NMC electrodes.

Figure 2.1. A scanning electron microscope image of a typical NMC111 secondary particle.
During electrode preparation, the standard slurry mixing and calendering are likely
to break the NMC secondary particles. In addition, the external pressure applied on
batteries may also damage secondary particles. The breakage of secondary particles causes
localized electrical disconnection between particles and the conductive network and
therefore decreases the utilization of NMC in the electrodes [36]. During electrochemical
cycling, the repeated volumetric change of NMC primary particles, albeit only ∼5% [37],
causes interface mismatch between primary particles and the disintegration of secondary
1

Some contents in this chapter has been published in Dingying Dang, Yikai Wang, and Yang-Tse Cheng.
"Communication—Fracture Behavior of Single LiNi0.33Mn0.33Co0 33O2 Particles Studied by Flat Punch
Indentation." Journal of The Electrochemical Society 166, no. 13 (2019): A2749-A2751.
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particles, leading to the accumulated decohesion, electronic insulation of primary particles,
the formation of passivation layer on the newly exposed surface, and consequently,
capacity fading of NMC during long-term cycling [38-41].
To understand the electrochemically induced disintegration of NMC secondary
particles, it is indispensable to study the mechanical properties of NMC both at the
materials level and the secondary particle level. Cheng et al. [42] measured the hardness,
elastic modulus, Poisson’s ratio, and the shear modulus of NMC111 polycrystals by using
nanoindentation and the pulse-echo acoustic techniques. Xu et al. [36] tracked the
microstructural evolutions of NMC532 electrodes and correlated it with the cycling
regimes, i.e., different C-rates and voltage windows. They also built a numerical model,
implementing the cohesive zone model (CZM), to study the stress evolution in NMC
particles and supported their experimental findings that a moderate charging rate is more
likely to cause disintegration of NMC particles than a high rate. Xu et al. [43] also used
nanoindentation to study the elastic modulus, hardness and interfacial fracture toughness
of NMC532 at different lithiation states and over cycles. First-principles calculation was
also used to help understand the change of the elastic modulus in different lithiation states.
Vasconcelos et al. [39] used nanoindentation to study the elastic modulus, hardness, and
fracture strength of NMC 532 particles in the conductive matrix and sintered pellets under
both dry and wet conditions. More recently, a novel discrete element method (DEM) is
proposed by Giménez et al. [44] to numerically simulate the macroscopic behavior of
NMC111 composite electrodes during the calendering process with nanoindentation results
as the calibration of the inputs in the DEM model.
The above studies focused on the local mechanical behavior of the NMC material and
can provide some insights into electrochemical-mechanical degradation of NMC
electrodes. Yet, the decohesion of NMC secondary particles and its effects on
electrochemical reactions are also highly responsible for the degradation of NMC
electrodes. Several recent studies have used electron-microscopy (for example, on crosssections prepared by focused ion beam) and spectro-microscopic techniques [35, 45-47] to
investigate the fracture behavior of NMC secondary particles. However, these techniques
are either inefficient for statistical analysis of a large number of particles from many
electrodes or unable to probe the weakening of cohesion among primary particles before
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microcracks can be observed. A need arises of techniques that are sensitive to the cohesive
strength among primary particles that are generally applicable. Herein, we developed a flat
punch indentation approach to study the fracture behavior of single NMC secondary
particles under uniaxial compression. Based on an empirical correlation, the fracture
strength of NMC secondary particles with different diameters and at various state-ofcharge (SOC) was determined from the critical load. The correlation among the fracture
strength, particle size, and the effects of electrochemical cycling were discussed and
highlighted in this study.
2.2

Experimental

2.2.1 Electrode Preparation and Electrochemical Cycling
NMC composite electrodes are prepared by 92 wt% NMC (LiNi 1/3Mn1/3Co1/3O2,
Umicore), 4 wt% polyvinylidene fluoride (PVDF, Alfa Aesar), and 4% carbon black (CB,
Super C65, TIMCAL). The N-methyl-2-pyrrolidone (NMP, 99.5%, Alfa Aesar) is used as
the solvent to prepare the slurry (with a solid ratio of 56%) by mixing with other
components in a planetary mixer (Mazerustar KK250S). The slurry was cast on a battery
grade Al foil. The electrode sheet is fully dried at 100℃ overnight. After drying, electrode
discs (diameter is 12 mm) were punched from the electrode sheet without calendering.
Half-cells, consisting of an NMC electrode, a Li foil disc as the counter electrodes,
and a Celgar 2400 separator, were cycled using Swagelok cells to avoid the stress and
fracture induced by the disassembling process. 500 μL electrolyte, that is, 1M LiPF 6 in a
mixture of ethylene carbonate/ethyl-methyl carbonates (EC/EMC 3:7 by volume) with 2%
vinylene carbonate (VC) (Gotion) was used for each cell. The cells were galvanostatically
cycled at C/10 between 3 V and 4.3 V vs. Li/Li+ with a constant voltage holding period at
4.3 V until the current dropped below C/20.
2.2.2 Fracture Measurements by Flat Punch Indentation
The as-made and cycled NMC electrode discs were dissolved and dispersed in 2 mL
NMP by heating at 80 ℃ for 30 minutes and ultrasonic for ~30 seconds. Then, one drop of
the suspension was spread on a silicon wafer. After drying at 80 ℃ in a vacuumed oven
for 30 minutes, the single particles dispersed on the wafer were ready for flat punch
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indentation measurement. The pristine NMC powders were prepared merely after
ultrasonication in the same way. For comparison, the as-prepared electrodes were soaked
in the electrolyte for 48 hours and then the dispersed particles were prepared on the
polycrystalline diamond substrate for flat punch indentation measurements.
Indentation tests were conducted using Nanoindenter G200 (Agilent) inside an argonfilled glovebox [48-51], as shown in Figure 2.2(a). The flat punch indenter, with a nominal
diameter of ~40 μm [Figure 2.2(b) and (c)], is large enough to cover single NMC secondary
particles. A load-controlled mode was used with a loading/unloading rate of 1 mN s-1. The
morphology of the NMC particles before and after indentation measurements was
examined by the build-in digital microscopy of G200 and scanning electron microscope
(SEM, FEI Quanta 250). The diameter of NMC particles was calculated based on the
projected area of the particles before indentation measurements using ImageJ.

Figure 2.2. (a) A nanoindentation system inside an argon-filled glovebox. Insets from top
to bottom are the flat-punch indenter and the built-in digital camera, respectively. (b) The
flat punch indenter and (c) a typical indent of it in a lithium foil.
2.2.3 Statistical Analysis
The fracture strength of NMC particles was statistically analyzed by a twoparameter Weibull distribution. The probability of failure, 𝑃𝑓 , is the cumulative distribution
function given by [52-54]:
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𝑆

𝑃𝑓 = 1 − 𝑒𝑥𝑝 [−(𝑆 )𝑚 ]

(2.1)

0

where 𝑆0 is the scale parameter, which is the characteristic strength corresponding to the
failure probability of 63.2%, and m is the shape parameter. The estimates of the two
parameters can be obtained by performing a Weibull Fit, in which 𝑃𝑓 is estimated as
𝑃𝑓 (𝑆𝑖 ) = 𝑖/𝑁, where i is the ith datum of particle strength, 𝑆, in MPa, in ascending order
and N is the number of test particles.
The mean strength 𝑆𝑚 is derived by [54]:
1

(2.2)

𝑆𝑚 = 𝑆0 Γ(1 + 𝑚)
where Γ(x) is the gamma function.
2.3

Results and Discussion
Figure 2.3(a) shows a typical indentation load-displacement (L-D) curve of an NMC

secondary particle with a diameter of 9.6 μm. As the load increases, the NMC particle is
compressed gradually. When the load reaches 16.1 mN, the displacement abruptly
increases, which indicates that the particle is crashed. The morphology of the NMC particle
before and after fracture is shown in Figure 2.3 (b). We define the load at the initial fracture
process, the “breaking force”, as the critical load (Fc). During the subsequent loading, the
displacement increment rate is low, because (1) the NMC itself is stiffer than the secondary
particles and (2) the increased contact area between the fractured particle and the flat punch
reduces the effective indentation compression stress. Similar indentation L-D curves with
the fracture feature have been found in particles with different sizes, as shown in Figure
2.3(c).
It is known that brittle blocks, such as rock and potash particles are easier to break
under tensile stress than compression stress [55, 56]. The compression induced fracture of
particles is caused by the tensile stress in the direction perpendicular to the compression
load, as shown in Figure 2.4. As shown in 2.5, statistically, a larger Fc is needed to break
large particles. This trend is consistent with the fracture theory of brittle particles proposed
by Hiramatsu et al [56] that is, the fracture stress ( 𝑆𝑡 ) induced by compression is
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predominately determined by the compression load and the diameter of the particle along
the load direction.
𝑆𝑡 ≈ 2.8𝐹𝑐 /𝜋𝑑 2

(2.3)

where 𝐹𝑐 is the uniaxial load applied in a compression test in mN, d is the particle diameter
in the direction of F in μm. Eq. (2.3) has been widely used to determine the strength of
various brittle blocks, such as rock, alumina, from macro scale to sub-micro scale length,
without the necessity to consider the exact shape of the brittle blocks [52, 57, 58].

Figure 2.3. (a) A typical load-displacement curve of flat punch indentation measurement
of an NMC particle and (b) optical images of the NMC particle before (left) and after (right)
punch. (c) Load-displacement curves of flat punch indentation measurement on NMC
particles with different particle sizes. The diameters of the particles are ~6 μm, ~9 μm, and
~11 μm for the black, red, and blue curves, respectively.
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Figure 2.4. (a) Break model of a brittle particle; the tensile stress caused by compression
force breaks the particle [52].

Figure 2.5. The critical load of pristine NMC111 secondary particles with different
diameters.
As refer to Figure 2.8(c), the fracture strength of the pristine NMC secondary particles
distributes randomly in the range between 125 MPa and 250 MPa, showing little
dependence on the particle size. The fracture microstructure, as shown in Figure 2.6,
indicates that the breakage of NMC secondary particles is caused predominately by
intergranular fractures, accompanying by some transgranular fractures of primary particles.
The transgranular fracture depends on the fracture toughness of NMC primary particles,
while the intergranular fracture is determined by the cohesive strength between primary
particles. From this viewpoint, the fracture strength of NMC secondary particles is mainly
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determined by the cohesive strength between primary particles and is, therefore,
independent of secondary particle size. Since the interfacial area is proportional to the
particle size, more energy and higher critical load is needed to break large secondary
particles.

Figure 2.6. The microstructure of a fractured NMC secondary particle.
To investigate the lithiation/delithiation cycling on the fracture behavior of NMC
secondary particles, flat punch indentation measurements were conducted in NMC
secondary particles at the 1st delithiation and 1st lithiation states. Figure 2.7(a) shows the
voltage-time profiles corresponding to different SOCs. Single NMC secondary particles
from the cycled electrodes can be well dispersed on the diamond substrate for fracture
measurements, as shown in Figure 2.7(b) and (c).
After cycling, Fc and St of NMC secondary particles with the same particle size become
significantly smaller than those of the pristine ones, as shown in Figure 2.8(a) and (b).
Statistically, the Fc of all cycled NMC particles also show an increasing trend with
increasing particle size, as shown in Figure 2.8(b). The fracture strength of cycled NMC
particles, as determined by Eq. (2.3), is independent of particle size. In addition, the
fracture behavior of cycled NMC particles is also dominated by the by intergranular
fractures, as shown in Figure. 2.9.
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Figure 2.7. (a) The voltage-time profiles of NMC electrodes corresponding to the 1st
delithiation and lithiation states. (b) and (c) are NMC secondary particles after the 1st
delithiation and lithiation, respectively.

Figure 2.8. (a) Typical L-D curves of single NMC secondary particles with diameters of
about 12.5 μm at the pristine, electrolyte-soaked, 1st delithiation, and 1st lithiation states.
(b) The distribution of Fc and fracture strength of NMC secondary particles with different
particle sizes.

18

Figure 2.9. Typical fractured individual NMC secondary particles: (a) 1st delithiation, and
(b) 1st lithiation.
To better compare the fracture strength, statistical analysis was conducted. As shown
in Table 2.1 and Figure 2.10, the mean strength (Sm) follow the sequence: pristine >
electrolyte-soaked > 1st lithiated > 1st delithiated, while Sm of the electrolyte-soaked
particles is 12% smaller than that of the pristine ones. Therefore, the electrode preparation
and soaking process have some influence on the mechanical integrity of NMC secondary
particles. In contrast, electrochemical cycling has a major detrimental effect on the strength
of the secondary particles. In particular, the 1st-delithiation NMC secondary particles are
the weakest. Because of the tensile stress and defects at the interfaces, the NMC secondary
particles can be broken by the intergranular fracture at a lower load, leading to a smaller
strength value. After the 1st-lithation, the size of the primary particles returns to that of the
pristine ones, if the primary particles are undamaged during the 1st-delithiation, leading to
lower tensile stress at the primary particle interfaces. However, the defects generated
during the 1st-delithiation remain, leading to a strength value that is lower than that of the
pristine state but higher than that of the 1st-delithiation state. To validate this explanation,
we also measured the indentation fracture strength of NMC secondary particles at various
SOCs between the 1st delithiation and 1st lithiation. As shown in Figure 2.11, the values
of Sm exhibit a decreasing tendency during delithiation and an increasing tendency during
lithiation. The evolution tendency of Sm implies that the fracture strength of NMC
secondary particles can be tuned by controlling the stress states of NMC secondary
particles.
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Table 2.1. The calculated mean strength, 𝑆𝑚 , and the fitted parameters, 𝑆0 and m, of the
Weibull distribution.
States of particles
pristine
electrolyte-soaked
1st delithiation
1st lithiation

𝑆𝑚 (MPa)
188
165
22
70

𝑆0 (MPa)
205
180
25
77

m
4.8
4.8
4.1
4.1

Figure 2.10. Statistical analysis of fracture strength using Weibull distribution.
Along with the SOC, other factors, including cycling number, the charging/discharging
rate, heterogeneous distribution of Li in NMC particles, the vacancy defects, and doping
elements, may influence the fracture behavior of NMC secondary particles. Our flat punch
indentation approach, as shown in this study, can be used to study the influence of these
factors on the coupling between electrochemical degradation and the mechanical integrity
of NMC and other types of electrode materials. In addition, fracture measurements may be
a facile method to evaluate the quality of NMC secondary particles at the different states
in their cycling life.
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Figure 2.11. The voltage profiles of NMC electrodes and the evolution of the mean fracture
strength of NMC secondary particles at various SOCs in the first lithiation/delithiation
cycle.
2.4

Conclusions
The fracture behavior of single NMC secondary particles has been investigated by

using flat punch indentation. The fracture of NMC secondary particles is dominated by the
intergranular fracture instead of transgranular fracture. The critical load increases with
increasing secondary particle size, while the fracture strength is generally independent of
the particle size. Both the critical load and fracture strength decrease remarkably after
cycling, which may be attributed to the weakened interfacial cohesion between primary
particles. These findings are helpful to understand the electrochemical-mechanical
degradation of NMC electrodes as well as designing electrochemically and structurally
stable NMC electrodes. The flat punch indentation fracture measurements are sensitive to
the electrochemical reaction-induced weakening of the interfacial strength among primary
particles and therefore can be implemented as a quick test method for statistics analysis of
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the fracture behavior and its interplays with electrochemical reactions of various particle
electrode materials.
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CHAPTER 3. EFFECTS OF POLYMERIC BINDERS ON THE ELECTROCHEMICAL-MECHANICAL
DEGRADATION OF SI MICROPARTICLE COMPOSITE ELECTRODES
3.1

Introduction
With a high theoretical capacity of about ten times of conventional graphite

electrodes, Si has been considered a promising anode material for LIBs. However, the
lithiation/delithiation-induced mass volumetric changes (≈300%) cause large stress and
lead to fracture and electrical isolation of Si particles. In addition, SEI continuously forms
on the fractured surface at the expense of Li ions and electrolytes. To improve the cycling
stability of Si composite electrodes, intensive efforts have been devoted to developing
nanostructured Si materials, e.g., Si nanoparticles (SiNPs) with a diameter smaller than
150 nm [16], as they have high surface energy and hence can sustain the substantial
volume changes without fracture [17]. As a result, SiNP composite electrodes, consisting
of SiNPs, polymeric binders, and carbon black, exhibit much better capacity retention
than their Si microparticle (SiMP) counterparts [18, 25, 59, 60]. But the large specific
surface area of SiNPs causes the excessive formation of SEI and reduces the initial
Coulombic efficiency (CE), which is infeasible for their applications in full cells. Also,
existing approaches for preparing Si nanomaterials are too expensive to scale up. In
contrast, SiMPs are commercially available at low cost. The big size renders SiMP
electrodes high initial CE and packaging density that are favorable for LIB applications.
The major drawback of SiMPs is their inevitable pulverization and electrical isolation
during lithiation/delithiation cycling [27, 29]. Maintaining the mechanical integrity and
electronic conductivity of fractured particles is the key to the cycling stability of SiMP
electrodes.
Numerous studies have shown that polymeric binders have vital effects on the
electrical connectivity between Si particles and the electrode matrix in SiNP composite
electrodes as they bind particles together. The conventional binder, PVDF, has very weak
adhesion with Si and thus cannot alleviate the volume change-induced fast degradation of
Si composite electrodes. Binders with abundant hydroxyl and carboxyl groups, such as
carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA) and sodium alginate (SA), can
form strong hydrogen bonds with the -OH groups on the surface of Si and thus significantly
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improve the cycling stability of SiNP electrodes [18, 22, 24]. Nevertheless, the effective
binders of SiNP electrodes cannot mitigate the degradation of low-cost SiMP electrodes
with a commercial-level mass loading of ~1.0 mg/cm2 [29, 59], suggesting that the critical
properties of binders for SiMP electrodes are different from that for SiNP electrodes.
It has been widely believed that three properties of binders are key to Si electrodes: (1)
mechanical properties (e.g., Young’s modulus and hardness), (2) adhesive strength with Si,
and (3) electrochemical stability in the electrolyte. This study focuses on the connections
between the first two and the degradation of SiMP electrodes. We selected three types of
binders, namely, PVDF, Nafion, and SA. These binders do not affect the composition of
the SEI on

Si electrodes [61, 62] and can therefore be assumed to have similar

electrochemical stability. By a comparative study, we address the following two questions:
(1) what are the required mechanical behavior of binders for SiMP electrodes? And (2) do
SiNP and SiMP have the same set of requirements?
3.2

Experimental
SiMP composite electrodes were prepared by using 50 wt% SiMPs (1-5 μm, 99.9%,

metals basis, Alfa Aesar), 25 wt% carbon black (CB, Super C65, TIMCAL), and 25 wt%
binders, i.e., PVDF (Alfa Aesar), Nafion in the dispersion liquid (D-520, Alfa Aesar), or
SA (Sigma-Aldrich). The pristine SiMPs have irregular shapes, as shown in Figure 3.1.
Deionized water was used to dilute the Nafion dispersion solution and dissolve SA. PVDF
was dissolved in N-methyl-2-pyrrolidone (NMP, 99.5 wt%, Alfa Asear). A planetary mixer
(Mazerustar, KK-250S) was used to prepare a uniform slurry, which was then cast on a
battery grade Cu foil (thickness, 24 μm) using a doctor blade. After drying at room
temperature for 12 h, the electrodes were further dried in a vacuum oven at 100 ℃ for 12
h. The average mass loading of all SiMP electrodes is about 1 mg/cm2.
Half cells were assembled using SiMP electrodes (with a diameter of 12 mm) as the
working electrode, lithium foil (0.75 mm in thickness, Alfa Aesar) as the counter and
reference electrode, a Celgard 2400 separator, and 75 μL electrolyte, i.e., 1M LiPF 6 in a
mixture solution of ethylene carbonate and diethyl carbonate (EC: DEC = 1:1 wt%, Gotion)
with 10 wt% fluoroethylene carbonate (FEC, Gotion) as the additive. Electrochemical tests
were carried out using a BioLogic VPM-3 potentiostat. Galvanostatic cycling was carried
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out with C/10 for the first 2 cycles and C/5 for the remaining cycles in the voltage range
between 0.01 and 1.2 V.

Figure 3.1. Morphology of the pristine SiMPs.
3.3

Results and Discussion
The microstructure of SiMP electrodes is shown in Figure 3.2. SiMPs disperse

uniformly on the electrode surface. High magnification images show that SiMPs in the
SiMP/Nafion and SiMP/SA electrodes are covered by a mixture of binder/carbon black
powders. In addition, the SiMPs connect well with the electrode matrix and are expected
to have good electrical conductivity. In contrast, most SiMPs in the SiMP/PVDF electrode
are bare and without carbon/binder powders dispersed on the surface, which can be
attributed to the poor wettability between SiMPs and the PVDF-NMP solution.
Electrochemical measurements show that SiMP/PVDF and SiMP/Nafion electrodes
can deliver a moderate initial lithiation capacity, i.e., 2716.6 mAh/g and 2056.5 mAh/g,
respectively (as shown in Figure 3.3). However, SiMP/Nafion electrodes have a low initial
delithiation capacity of 893.9 mAh/g, which suggests that the electrodes become inactive
after the initial lithiation. SiMP/PVDF electrodes also degrade quickly although its initial
delithiation capacity is 1909.2 mAh/g. The SiMP/SA electrode shows the highest initial
lithiation and delithiation capacities, i.e., 3663.9 mAh/g and 3198.7 mAh/g, respectively,
and the highest initial CE of 87.3%, despite that it also experienced a considerable capacity
loss during the first cycle. The capacity of the SiMP/SA, SiMP/PVDF, and SiMP/Nafion
electrodes faded gradually to respective 189.8 mAh/g, 85.1 mAh/g, and 37.6 mAh/g after
50 cycles, as shown in Figure 3.3(d). The fast degradation of SiMP electrodes made of
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PVDF, Nafion, and SA implies that these binders are not suitable for SiMPs electrodes.
Yet, their distinct degradation behaviors indicate that (1) polymeric binders strongly affect
the performance of SiMP electrodes and (2) the correlation between the properties of these
binders and the capacity fading of the corresponding electrodes may suggest desirable
properties of binders for SiMP electrodes.

Figure 3.2. Microstructure of SiMP electrodes. (a) and (d) SiMP/PVDF electrodes, (b) and
(e) SiMP/Nafion electrodes, (c) and (f) SiMP/SA electrodes.
One critical cause of the degradation of SiMP electrodes is the volume change-induced
fracture of SiMPs. As shown in Figure 3.4(a)-(c), severe cracking occurred in SiMPs after
the 1st lithiation accompanied by SEI formation on the fractured surface. Previous studies
show that the SEI compositions in Si composite electrodes made of PVDF, Nafion, and SA
are the same [61, 62]. As the SiMP/SA electrode exhibited the highest initial lithiation
capacity, the fracture in this electrode could be more severe than that in SiMP/PVDF and
SiMP/Nafion electrodes. In other words, there could be more Li ions consumed to form
SEI in the SiMP/SA electrode. Nevertheless, SiMP/SA electrodes have much higher CE
than SiMP/PVDF and SiMP/Nafion electrodes. Therefore, we infer that the SEI formation
may not be responsible for the distinct performances of SiMP electrodes made of different
binders.
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Figure 3.3. Voltage vs. capacity curves of SiMP electrodes in the 1st and 4th cycles: (a)
SiMP/PVDF, (b) SiMP/Nafion, and (c) SiMP/SA electrodes. (d) The discharge capacity
vs. cycle number curves of SiMP electrodes.

Figure 3.4. Microstructure of SiMPs in (a) SiMP/PVDF, (b) SiMP/Nafion, and (c)
SiMP/SA electrodes after the 1st lithiation. (d)-(f) are low magnification images
corresponding to (a)-(c) respectively.
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Table 3.1. Mechanical properties of binders and the shear strength between binders and Si
wafers [24].

Young’s modulus /
GPa
Hardness / GPa
Shear strength with Si
wafers / MPa

SA

Nafion

PVDF

16.26±0.96

0.099±0.034

0.58±0.19

0.850±0.090

0.0097±0.0043

0.035±0.018

1.03±0.08

4.00±1.19

0.12±0.01

Alternatively, mechanical degradation likely accounts for the fast capacity fading of
SiMP/PVDF and SiMP/Nafion electrodes. As shown in Figure 3.4(d)-(e), the surface
morphology of both electrodes becomes very rough after the 1st lithiation, comparing to
their pristine states in Figure 3.2. Some parts of the electrodes were detached when opening
the coin cells. The SiMP/SA electrodes have relatively smooth surface and keep intact at
the 1st lithiation state. The microstructure changes can be attributed to the mechanical
properties of binders. As listed in Table 3.1, the Young’s moduli of PVDF and Nafion are
0.58±0.19 GPa and 0.099±0.034 GPa, respectively, in the electrolyte. Both soft binders can
be easily deformed and cannot strengthen the electrode matrix as effectively as the stiff
binder, e.g., SA with a Young’s modulus of 16.26±0.96 GPa. During lithiation, the volume
expansion of SiMPs induces compressive stress in the composite electrodes. The flexible
electrode matrix made of PVDF and Nafion can be easily wrinkled as shown in Figure
3.4(d) and (e). Our previous study showed that the SiNP electrode made of SA has much
smaller irreversible thickness changes than that made of PVDF and Nafion electrodes [24].
It is reasonable to infer that the SiMP/SA electrode also has smaller thickness changes than
SiMP/PVDF and SiMP/Nafion electrodes during cycling. Since severe volume changes is
detrimental to the electronic conductive path in composite electrodes and may cause the
delamination between electrodes and the Cu current collector, it is not surprising that
SiMP/PVDF and SiMP/Nafion electrodes lost activity after just a few cycles, as shown in
Figure 3.3(d).
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Figure 3.5. Electrochemical performance of SiNP electrodes made of PVDF, Nafion, and
SA. These SiNP electrodes were cycled at C/10 in the first 2 cycles and C/5 for the rest
cycles in a voltage window between 0.01 and 1.0 V (vs. Li/Li+) [24].
The strong adhesion between binders and Si is critical for designing SiNP electrodes.
Lap joint shear tests between binder films and Si wafers showed that the shear strength of
the Nafion@Si interface is 4 times that of SA@Si and 8 times that of PVDF@Si. The
strong adhesion between Nafion and Si is due to the covalent bond between the -SO2OH
group and the -OH groups on the surface of Si [24]. The PVDF cannot secure the
connection between SiNP and the electrode matrix due to its weak Van der Waals
interactions with Si particles. Therefore, electrochemical tests showed that SiNP/Nafion
electrodes are much more durable than SiNP/PVDF electrodes, as shown in Figure 3.5.
However, SiMP electrodes prepared with Nafion have poor capacity retention, close to
SiMP/PVDF electrodes. Hence, sole strong adhesion with Si is not enough to stabilize
SiMP electrodes. One plausible explanation is that the high stress and volume changes
damage the electrical conductivity of the Nafion/carbon black matrix though Nafion still
adheres well to the Si particles. As SiMP electrodes made of the stiff SA binder have better
cycling stability than that made of Nafion, we infer that the high stiffness of binders
benefits SiMP electrodes. Overall, SiMP electrodes have more demanding requirements on
the stiffness of binders while reliable adhesion strength is also preferred. Future efforts are
needed to quantify the appropriate combination of these two properties.
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3.4

Conclusions
SiMP electrodes made of binders with different mechanical properties were cycled and

showed distinct degradation behavior. The soft binders, i.e., PVDF and Nafion, cannot
strengthen the electrode to sustain the high stress induced by lithiation/delithiation. As a
result, the large volume changes in SiMP/PVDF and Si/Nafion electrodes can easily
destroy the electrical connectivity between SiMP and the electrode matrix and lead to fast
capacity fading. Although SA has weaker adhesion with Si than Nafion, its large stiffness
benefits the mechanical integrity and thus can relatively improve cycling performance of
SiMP electrodes. The comparison between SiNP and SiMP electrodes made of the same
binders indicates that (1) strong adhesion alone cannot stabilize SiMP electrodes and (2)
SiMPs have more stringent requirements on the mechanical properties of binders, such as
higher Young’s modulus and hardness, than SiNPs, as demonstrated in this study.
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CHAPTER 4. LITHIUM SUBSTITUTED POLY(ACRYLIC ACID) AS AN EFFECTIVE BINDER FOR
LOW-COST SILICON MICROPARTICLE ELECTRODES
4.1

Introduction
Si microparticles (SiMPs) are an attractive anode material for LIBs due to its low cost,

high initial CE, and high packing density compared with Si nanoparticles (SiNPs). The
major obstacle to commercialize SiMP electrodes is their insufficient cycle life resulting
from the pulverization and electronic isolation of Si particles. Recently studies showed that
proper polymeric binders can significantly mitigate the electrochemical-mechanical
degradation of SiMP electrodes [27, 29, 59, 63]. Although binders themselves cannot
prevent SiMPs from the intrinsic volume change-induced fracture, functionalized binders
can alleviate the detrimental effects of volume changes and pulverization. Choi et al.
showed that the highly elastic binder, polyrotaxane-PAA (PR-PAA), can keep the
pulverized SiMPs coalesced without disintegration and enable a stable cycle life of SiMP
electrodes [29]. Xu et al. found that the self-healing binder, PAA-P(HEA-co-DMA), can
stretch and shrink sufficiently to accommodate the large volume change of Si particles
[27]. This highly flexible binder can hold the fractured particles, keeping the original
microstructure configuration and preventing noticeable disassociation among the SiMP
electrode components. As a result, a high capacity of 2394 mAh/g was maintained for 220
cycles at 1 A/g. Despite their amazing effects on SiMP electrodes, the state-of-the-art
binders require complex synthesis processes. In addition, most of them are only soluble in
organic solvents (e.g., dimethyl sulfoxide [29] and chloroform [64]). Effective binders that
are low cost, easily scaled up, and water soluble are more preferred for SiMP electrodes.
The comparison among PVDF, Nafion, and SA in Chapter 3 indicates that the primary
requirements of effective binders for SiMP electrodes include reliable adhesion with Si
surface and high elastic modulus. The former requires a considerable amount of hydroxyl,
carboxyl, or sulfonic acid groups in the binders. To improve the elasticity of OH-, COOH, and SO2OH-rich polymers, one approach is metallic cation substitution of the protons,
which induces electrostatic associations among the active groups and improves the
interactions among chains or molecules [65-67]. For example, the Young’s modulus of
Nafion increases from 0.95 MPa to 1.62 MPa after Li ion substitution [68]. Xu et al. found
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that Nafion-Li can render SiNP electrodes better cycling stability than Nafion without any
cation exchange [61]. Since the Young’s modulus of the cation substituted Nafion is much
smaller than that of SA [68], Nafion-X (X = Li, Na, and K) is not expected to be an effective
binder for SiMP electrodes. Nevertheless, cation substituted PAA may be a promising
candidate binder for SiMP electrodes because (1) the Young’s modulus of the pristine PAA
(without cation substitution, i.e., (CH2CHCOOH)n) is 11.34 GPa (Table 4.1), close to that
of SA; (2) PAA and PAA-xLi has much more carboxyl groups per unit mass than SA and
is expected to have stronger adhesion with Si; (3) PAA-xLi has been proposed to have Li
ion conductivity and participate to form highly ionic conductive SEI [69-72]; and (4) PAAxLi is easy to prepare and water-soluble and has the potential to reduce the production cost.
Considering these, it is worth to (1) explore the feasibility of PAA-xLi binders for SiMP
electrodes, (2) optimize the degree of Li substitution (i.e., the value of x) of PAA for SiMP
electrodes, (3) understand the mechanism of how PAA-xLi binders work, and (3) establish
the design principles of binders for SiMP electrodes.
In this study, therefore, we investigate the PAA-xLi (x = 0.00, 0.25, 0.50, 0.75, and
1.00) as binders for SiMP electrodes. PAA solutions were neutralized with LiOH to
different degrees of Li substitution and used as binders for preparing the SiMP electrodes.
Nanoindentation, scratch tests, and peel tests were used to measure the mechanical
properties of PAA-xLi, the adhesion between PAA-xLi and Si, and the cohesion of
SiMP/PAA-xLi electrodes. The mechanical and chemical interactions between PAA-xLi
and SiMPs were found to influence the cohesion and adhesion of SiMP/PAA-xLi
electrodes. Cyclic voltammetry and dQ vs. dV analysis were conducted to evaluate the
electrochemical stability of PAA-xLi binders and SiMP/PAA-xLi electrodes. The results
show that PAA-0.75Li has a high stiffness and strong adhesion with Si and can render
SiMP electrodes better mechanical integrity and more stable SEI than other PAA-xLi
binders. These factors make PAA-0.75Li a promising binder for SiMP electrodes as
SiMP/PAA-0.75Li electrodes can deliver a high capacity over 2100 mAh/g after 100 cycles
at C/3 (~1200 mA/g) in half cells. Moreover, the correlation between the properties of
PAA-xLi binders and the electrochemical performance of SiMP/PAA-xLi electrodes helps
guide the design of SiMP electrodes.
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4.2

Experimental

4.2.1 Preparation and Characterization of PAA-xLi
PAA solution (5 wt%) was prepared by dissolving PAA (Sigma-Aldrich, average
Mv = 450,000) in deionized (DI) water. PAA-xLi (x = 0.25, 0.50, 0.75, and 1.00) solutions
were produced by neutralizing PAA solutions with LiOH, where x is the normalized ratio
between LiOH and PAA monomer as one molar LiOH can neutralize one molar -COOH
groups in PAA. The pH value of the as-prepared PAA-xLi solutions was measured by a pH
meter (Oakton), as listed in Table 4.1. Rheological measurements of the PAA-xLi solutions
were carried out using a rheometer (DHR-2, TA Instrument) equipped with a 40 mm (in
diameter) and 2° cone geometry. Attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR, Nicolet iS10, equipped with a diamond crystal, Thermo
Scientific) was performed on PAA-xLi films and the PAA-xLi/SiMP mixtures, which were
prepared by mixing SiMPs (Alfa Aesar, particle size 1-5 μm, 99.9%, metal basis) with the
PAA-xLi solutions and drying.
To measure their swellability, the PAA-xLi films coated on the Cu foil (PAAxLi@Cu) were immersed in the EC-DEC electrolyte at room temperature for 3 hours inside
an argon-filled glovebox (MBRAUN). The PAA-xLi@Cu samples were prepared by
casting PAA-xLi solutions on copper foils and drying using the same procedure of drying
electrodes. The weight of the as-prepared and immersed (for 3 hours and after removing
the excess electrolyte using Kimwipe paper) PAA-xLi@Cu samples was measured using
an analytical balance (Mettler XS205 with a resolution of 0.01 mg) in the glovebox. The
electrolyte is 1M LiPF6 in ethylene carbonate and diethyl carbonate (EC: DEC = 1:1 wt%,
Gotion) with 10 wt% fluoroethylene carbonate (FEC, Gotion) as the additive. The swelling
ratio (electrolyte uptake) was calculated as the weight increment ratio of the polymer film
after electrolyte uptake. Cyclic voltammetry (CV) measurements of PAA-xLi@Cu||Li cells
were conducted using a BioLogic VPM-3 potentiostat. The scanning rate and voltage
window are 0.01 mV s-1 and [0.01 V, 1.20 V], respectively.
4.2.2 Mechanical Characterizations
The mechanical properties of PAA-xLi films were measured by an environmental
Nanoindenter system (G200, Agilent) equipped with a Berkovich indenter in an argon33

filled glovebox (MBRAUN, H2O < 0.1 ppm, O2 < 0.1 ppm). A depth-controlled mode was
used with the maximum depth of 1500 nm and the indentation rate of 0.05 s-1. The Young’s
modulus and hardness of PAA-xLi were derived from the load-displacement curves using
the Oliver-Pharr method [73]. The indentation measurements were conducted in the
electrolyte using a home-made liquid cell described in Ref. [24, 51]. To investigate the
adhesion between PAA-xLi and Si, scratch tests (NanoTest Vantage, Micro Materials Ltd.)
were performed on PAA-xLi films cast on Si wafers (PAA-xLi@Si) using a spheroconical
indenter (semi-apex angle 60° and tip radius R = 5 μm). The PAA-xLi@Si samples were
prepared by casting PAA-xLi aqueous solutions on Si wafers using a doctor blade. The
thickness of PAA-xLi films was controlled to be 5 μm. The scratch distance, scratch
velocity, maximum normal load, and loading rate were 2500 μm, 10 μm s-1, 100 mN, and
0.5 mN s-1, respectively. The morphology of scratches was observed by a digital
microscope (Nikon, Eclipse LV100). Using an Instron 3345 tensile machine, 180° peel
tests of electrodes were conducted to evaluate the adhesive/cohesive behavior of the
SiMP/PAA-xLi electrodes. The SiMP/PAA-xLi electrodes (with a thickness of 53 ± 2 μm
and width of 10 mm) were pulled at a constant speed of 50 mm/min. The detailed setup for
the peel test can be found in Ref. [22]. The mechanical integrity of the electrodes was
assessed by scratch tests. The scratch distance, scratch velocity, maximum normal load,
and loading rate were respective 2500 μm, 10 μm/s, 50 mN, and 0.25 mN/s.
4.2.3 Electrode Preparation and Electrochemical Measurements
SiMP electrodes were prepared by mixing SiMPs (diameter = 1-5 μm, 99.9%,
metals basis, Alfa Aesar) and carbon black (Super C65, TIMCAL) in PAA-xLi aqueous
solutions. The mass ratio of SiMP, carbon black, and PAA-xLi was 60: 20 :20. Electrode
slurries were prepared by a planetary mixer (Mazerustar, KK-250S) and cast on a battery
grade Cu foil (24 μm in thickness) using a doctor blade. After drying at room temperature
for 12 h, the electrodes were dried in a vacuum oven at 75 ℃ for 12 h. The mass loading
of the SiMP electrodes is about 0.9 mg/cm2 (Table 4.1). The porosity of the composite
electrodes is measured by considering the mass, density of each components, as well as the
thickness of the active layer [24]. We denote the SiMP electrodes as SiMP/PAA-xLi.
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Half cells were assembled using a SiMP/PAA-xLi electrode (with a diameter of 12
mm) as the working electrode, lithium foil (0.75 mm in thickness, Alfa Aesar) as the
counter and reference electrode, a Celgard 2400 separator, and 75 μL electrolyte, i.e., 1M
LiPF6 in a mixture solution of ethylene carbonate and diethyl carbonate (EC: DEC = 1:1
wt%, Gotion) with 10 wt% fluoroethylene carbonate (FEC, Gotion) as the additive.
Electrochemical tests were carried out using a BioLogic VPM3 potentiostat. Galvanostatic
cycling was carried out with C/10 for the first 2 formation cycles, C/5 for next 5 cycles,
then C/3 for the subsequent cycles in the voltage range between 0.01 and 1.2 V. Cyclic
voltammetry (CV) tests were conducted using a scanning rate of 0.01 mV/s in the voltage
range between 0.01 and 1.2 V.
4.2.4 Microstructure and Surface Chemistry
The microstructure of electrodes was characterized by a field emission scanning
electron microscope (SEM, FEI Quanta 250). X-ray photoelectron spectroscopy (XPS, KAlpha XPS System, Thermo Scientific) was used to study the surface chemistry of the asprepared and cycled SiMP/PAA-xLi electrodes. A vacuum transfer module (Thermo
Scientific) was used to transfer the cycled electrodes from the glovebox to the XPS analysis
chamber without air exposure.

Table 4.1. Properties of PAA-xLi binders and SiMP/PAA-xLi electrodes.

Binder

PAA-0Li
PAA-0.25Li
PAA-0.5Li
PAA-0.75Li
PAA-1Li

4.3

pH value
of 5 wt%
binder
solution
2.25
4.48
5.25
6.02
7.70

Mechanical properties
measured in the electrolyte
E (GPa)

H (GPa)

11.34 ± 0.18
15.07 ± 0.45
19.08 ± 0.55
21.56 ± 0.62
23.01 ± 0.98

0.42 ± 0.02
0.51 ± 0.03
0.68 ± 0.03
0.74 ± 0.04
0.83 ± 0.04

Electrolyte
uptake after
immersing
for 3 hours
(wt%)
1.52 ± 0.16
1.17 ± 0.35
1.16 ± 0.13
0.67 ± 0.41
0.62 ± 0.47

Properties of SiMP/PAA-xLi
electrodes
Mass loading
(mg/cm2)

Porosity (%)

0.90 ± 0.02
0.92 ± 0.01
0.92 ± 0.03
0.91 ± 0.03
0.89 ± 0.03

37.65 ± 5.36
36.33 ± 0.92
38.50 ± 1.14
38.36 ± 2.03
34.15 ± 1.95

Results and Discussion
Figure 4.1(a) shows the FTIR spectra of the PAA-xLi films. PAA-0Li have a broad

absorption band at 3217 cm-1 and a peak at 2940 cm-1 corresponding to the stretching of
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O-H and C-H, respectively. The sharp peak at 1706 cm-1 is attributed to the stretching of
C=O in the -COOH groups, the peak at 1454 cm-1 to the stretching of the -CH2 in the plane
mode, and the two peaks at 1225 and 1150 cm-1 to the C-OH stretching modes [27, 74, 75].
As the hydrogen in the -COOH groups being replaced by Li, the broad band at 3217 cm-1
shifts to 3309 cm-1. The C=O stretching at 1706 cm-1and the C-OH stretching peaks at 1225
and 1150 cm-1 become weak in PAA-0.25Li, PAA-0.5Li, and PAA-0.75Li and disappear
in PAA-1Li. In addition, the symmetric and asymmetric stretching of lithium carboxylate
at 1406 and 1561 cm-1 [70] are detected and increase with increasing degree of Li
substitution (i.e., the value of x). FTIR spectra show clearly that Li substitution changes
the chain structure of PAA, which can be attributed to the charge fluctuations among
ionizable carboxyl groups [65-67, 76]. Similar to sodium ion substituted PAA and metal
cation exchanged Nafion [66, 67], Li ions are likely to induce electrostatic associations,
i.e., -COO- ∙∙∙ Li+ ∙∙∙ -OOC- shown in Figure 4.1(b), among the carboxyl groups.
Electrostatic associations affect the viscosity of PAA-xLi solutions and the
mechanical properties of PAA-xLi binders. Rheological measurements show that the
viscosity of the 5 wt% PAA-xLi solution increases remarkably with Li substitution, as
shown in Figure 4.1(c). For example, the viscosity of the PAA-0.75Li solution is about
0.96 Pa ∙ s at 0.1 s-1, which is 27 times that (0.036 Pa ∙ s) of the PAA-0Li solution.
Environmental nanoindentation measurements show that the Young’s modulus (E) and
hardness (H) of PAA-xLi films (in the electrolyte) monotonically increase with x (Table
4.1). The increasing E and H imply high elastic and plastic deformation resistance after Li
substitution. Because the deformation of polymers and their solutions are determined by
the flexibility of polymer chains or molecules [66, 77], the increasing tendency of E, H,
and viscosity with x confirms that Li substitution enhances the interchain and
intermolecular interactions in PAA-xLi binders.
The viscosity of PAA-xLi solutions affects the quality of the as-made SiMP
electrodes. A low viscous solution, such as the PAA-0Li solution, could be detrimental for
the stability of electrode slurries due to quick sedimentation of SiMPs upon casting [78,
79]. A properly high viscosity solution, such as the PAA-0.75Li solution, is desirable for
preparing electrode slurries as it can inhibit the sedimentation of SiMPs and facilitate their
uniform dispersion in the slurry. Also, stiff binders, e.g., PAA-xLi(x = 0.75 and 1), can
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strengthen the electrodes matrix and improve the mechanical integrity of the SiMP
electrodes, while soft binders, e.g., PAA-0Li, are unable to accommodate the volume
changes of SiMPs during cycling [24, 25, 59].

Figure 4.1. (a) The FTIR spectra of PAA-xLi films. (b) A schematic showing the hydrogen
bonds between PAA-xLi and SiMPs and the electrostatic associations in PAA-xLi (x > 0).
(c) The viscosity vs. shear rate profiles of 5 wt% PAA-xLi aqueous solutions. (d) The CV
curves of the PAA-xLi@Cu films and bare Cu foil.
Li substitution also affects the reactivity of PAA in the electrolyte. As shown in
Table 4.1, the electrolyte uptake of PAA-xLi@Cu films generally decreases with
increasing x. The PAA-0Li film absorbs about 1.52 wt% electrolyte after immersing for 3
hours, while the average electrolyte uptake of the PAA-1Li film is only about 0.62 wt%.
The high electrolyte uptake of PAA-0Li may facilitate the formation of SEI on SiMP
surface and deteriorate the connection between SiMPs and binders [18, 60]. In addition,
PAA-xLi binders have distinct electrochemical stability windows in the electrolyte. As
shown in Figure 4.1(d), the CV curves of PAA-0Li@Cu and PAA-0.25Li@Cu have a
cathodic peak at 0.73 V, corresponding to the electrochemical bonding between Li ions
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and the -COO- [29]. The released protons (H+), particularly from PAA-0Li with abundant
-COOH groups, are believed to cause parasitic reactions and decomposition of the
electrolyte [72, 80], as confirmed later by the XPS measurements of the SiMP electrodes.
In contrast, the 0.73 V peak is very weak in the PAA-0.75Li@Cu sample and does not
show up in the PAA-1Li@Cu sample.
These comparative studies of PAA-xLi binders shows that the mechanical
properties and electrochemical stability of PAA can be controlled by the degree of Li
substitution. Since PAA does not have other functional groups except carboxyl groups,
PAA-xLi binders can be used as a model binder system to explore the preferable properties
of binders for SiMP electrodes.

Figure 4.2. (a) and (b) are the FTIR spectra of the SiMPs, PAA-xLi films, and cast mixtures
of PAA- xLi and SiMPs.
Strong adhesion between binders and Si is pivotal to electrode performance and
durability [22]. To investigate the interactions between PAA-xLi and SiMPs, we collected
FTIR spectra of their mixtures prepared by tape casting. As shown in Figure 4.2(a) and (b),
the FTIR spectra of the cast PAA-xLi/SiMPs mixture are similar to those of the PAA-xLi
films, indicating that covalent bonds do not form between SiMPs and PAA-xLi.
Nevertheless, in an aqueous slurry, the surface of Si, which is usually covered by a SiOx
layer, can be hydroxylated to form hydrogen bonds with the carboxyl groups in PAA-xLi.
These hydrogen bonds are known to strongly bind carboxyl-rich polymers and Si [18, 22].
To evaluate the adhesion between PAA-xLi and Si, we conducted scratch tests of solution38

cast PAA-xLi films on Si wafers (denoted as PAA-xLi@Si). As shown in Figure 4.3(a),
the scratch depth of PAA-xLi@Si (0.25 ≤ 𝑥 ≤ 1) is shallower than that of PAA-0Li@Si
at the beginning of the scratch. Severe fluctuations take place in the depth profile of PAA0Li@Si due to the delamination of the PAA-0Li film from the Si wafer, as shown in Figure
4.3(b) and (d). Fluctuations are also found in the depth profile of PAA-1Li@Si in the
scratch distance range between 1100 and 2500 μm. The scratch morphology in Figure
4.3(h) and (k) shows that the PAA-1Li@Si interface is partially damaged after fluctuations
occur. In contrast, the depth profiles of PAA-xLi@Si(0.25 ≤ 𝑥 ≤ 0.75) are quite smooth
and delamination does not occur during scratch tests, as shown in Figure 4.3(c), (e)-(g), (i),
and (j).
The scratch-induced delamination between the PAA-0Li film and Si wafer
indicates their weak adhesive strength at the interface. Since PAA-0Li has many -COOH
groups, it is expected to form quite strong hydrogen bonds with the SiOx layer on Si wafers.
The stronger adhesion of PAA-xLi ( 0.25 ≤ 𝑥 ≤ 1 )@Si may be attributed to the
electrostatic associations between -COOLi and Si-OH. In fact, the surface chemistry of Si
changes in contact with PAA-xLi solutions of different pH values. The XPS Si 2p spectra
(Figure 4.4) show that the normalized intensity of the SiOx signal in the as-prepared SiMP
electrodes increases with increasing Li substitution, particularly the highest intensity of the
peak corresponding to SiOx is collected from the SiMP/PAA-1Li electrode. It is speculated
that H+ in PAA-xLi solutions “scavenges” the surface of SiMPs [72]. The electrostatic
interactions [Figure 4.1(b)] between -COOLi and Si-OH may result in the high adhesive
strength between PAA-xLi(0.25 ≤ 𝑥 ≤ 1) and Si over than that between PAA-0Li and Si.
Overall, scratch measurements demonstrate that the interfacial adhesion follows the
sequence: PAA-xLi@Si (0.25 ≤ 𝑥 ≤ 0.75) > PAA-1Li@Si > PAA-0Li@Si. Therefore,
PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) can better maintain the connection between SiMPs and the
electrode matrix than PAA-0Li and PAA-1Li.s
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Figure 4.3. (a) The scratch depth vs. distance profiles of PAA-xLi@Si films. (b)-(k) are the
scratch morphology of PAA-xLi@Si films. All scratches were made from the left to right.
(d), (e), and (i)-(k) are the magnified images at the end of the scratches, corresponding to
(b), (c), and (f)-(h), respectively. (b), (c), and (f)-(h) have the same scale bar shown in (b).
(d), (e), and (i)-(k) have the scale bar shown in (d). The schematic of scratch tests is shown
in Figure 4.5(a).

Figure 4.4. The XPS Si 2p spectra of the as-prepared SiMP electrodes.
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Scratch tests were conducted to evaluate the mechanical integrity of the
SiMP/PAA-xLi electrodes, as shown in Figure 4.5(a) and (b). The scratch depth at the same
normal load (FN) follows the sequence: SiMP/PAA-0.75Li < SiMP/PAA-0.5Li <
SiMP/PAA-0.25Li < SiMP/PAA-0Li < SiMP/PAA-1Li. The microstructure of the
scratches shows that (1) the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes have wider
scratches than the SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) electrodes and (2) many electrode
fragments came off the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes during the scratch
tests [Figure 4.5(d) and (h)], while only several small fragments were found in the
SiMP/PAA-xLi(0.25 ≤ 𝑥 ≤ 0.75) electrodes [Figure 4.5 (e)-(g)]. These results indicate
that SiMP/PAA-0.75Li has higher damage resistance and can therefore sustain the
volumetric expansion more effectively than other SiMP/PAA-xLi electrodes.
The scratch causes fracture of the electrode matrix and SiMPs as well as their
interfacial decohesion in SiMPs electrodes. As similar damages also take place in SiMP
electrodes during electrochemical cycling, the fracture toughness (𝐾𝑐 ), which represents
the capacity to resist cracks, can be used to assess the structural stability of SiMP electrodes
during cycling. 𝐾𝑐 can be derived from scratch test parameters, including the horizontal
load (𝐹𝑇 ), penetration depth (d), and geometry of indenters [81]. For scratch tests using
spheroconical indenter with a radius of R and a semi-apex angle of 𝜃, the scratch profile
transition from sphere to cone at the critical depth, 𝑑𝑐 ≥ 0.132𝑅 . Then, 𝐾𝑐 can be
calculated by [82],
𝐹

𝑐𝑜𝑠𝜃

𝑇
√
𝐾𝑐 = 2𝑑3/2
𝑡𝑎𝑛𝜃

(4.1)
𝐹

𝑐𝑜𝑠𝜃

𝑇
√
The value of 2𝑑3/2
becomes a constant after the scratch distance reaches 1500
𝑡𝑎𝑛𝜃

μm (the corresponding scratch depth becomes much larger than the critical depth, 𝑑𝑐 = 0.66
μm). As shown in Figure 4.5(c), the fracture toughness (in the scratch distance between
1500 and 2000 μm) follows the sequence: SiMP/PAA-0.75Li (2.67 ± 0.47 MPa m1/2 ) >
SiMP/PAA-0.5Li (2.15 ± 0.39 MPa m1/2 ) > SiMP/PAA-0.25Li (1.56 ± 0.30 MPa m1/2 )
> SiMP/PAA-0Li (1.33 ± 0.21 MPa m1/2 ) > SiMP/PAA-1Li (0.91 ± 0.19 MPa m1/2 ).
Therefore, SiMP/PAA-0.75Li has better mechanical integrity than other electrodes, which
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can be attributed to the robust mechanical properties of the PAA-0.75Li binder and the
strong adhesive strength between PAA-0.75Li and SiMPs. The low 𝐾𝑐 of the SiMP/PAA0Li electrode can be attributed to the poor strength and weak adhesion to Si of the PAA0Li binder. Although PAA-1Li has higher E and H than PAA-xLi (𝑥 ≤ 0.75) binders, it
has weak adhesion to the SiMPs, as confirmed by the scratch measurement of PAA1Li@Si. In addition, SiMPs on the surface of the SiMP/PAA-1Li electrode are bare and
not covered by the mixture of binder and carbon black as those in other SiMP/PAA-xLi
electrodes [Figure 4.5(i)], which also indicates the weak connection between SiMPs and
the PAA-1Li binder/CB matrix. Additionally, extensive cracks formed in the as prepared
SiMP/PAA-1Li electrode, as observed in Figure 4.5(h). The cracks and weak connections
between SiMPs and the electrode matrix lead to poor scratch resistance and low fracture
toughness of the SiMP/PAA-1Li electrode.
Peel tests were conducted to measure the adhesive strength (𝜎𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 ) between the
electrode laminate and the Cu current collector. Figure 4.6(a) shows the peel strength vs.
peel extension profiles of SiMP/PAA-xLi electrodes. The average peel strength of
SiMP/PAA-xLi electrodes follows the sequence: PAA-0.75Li (36.32 ± 1.91 N/m) > PAA0.25Li (20.66 ± 0.76 N/m) > PAA-0.5Li (16.85 ± 0.46 N/m) > PAA-0Li (12.35 ± 0.52
N/m) > PAA-1Li (7.31 ± 0.74 N/m), as shown in Figure 4.6(b). Figure 4.6(c) shows that
the Cu foils of the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes are brighter than those
of SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) electrodes after peel tests, which is due to different
amounts of electrode residuals on Cu foils [22]. SEM observations [Figure 4.6(d)-(i)] show
that only a few electrode particles remain on the Cu current collector after the peel tests of
the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes. Therefore, the adhesive failure, i.e., the
separation between the electrode layer and the Cu foil, dominates the peeling strength of
these two electrodes. In contrast, many electrode fragments were found on the Cu current
collector of SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) electrodes after peel tests, implying that
the cohesive failure, i.e., the disassociation within the electrode laminate, dominates the
peeling strength of these electrodes. Since the peeling failure mode of electrodes is
dominated by the weaker one of the cohesive strength (𝜎𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 ) and the adhesive strength
(𝜎𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 ), it can be inferred that (1) 𝜎𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 < 𝜎𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 for the SiMP/PAA-0Li and
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SiMP/PAA-1Li electrodes and (2) 𝜎𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 < 𝜎𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 for SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤
0.75) electrodes. Considering the scratch depth and damages, 𝜎𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 of the SiMP/PAA0Li and SiMP/PAA-1Li electrodes are smaller than that of SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤
0.75) electrodes. Therefore, 𝜎𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 of the former electrodes is smaller than that of the
latter ones. The strong adhesion of SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) electrodes provides
reliable electrical conduction between the electrode and the Cu current collector, while the
weak adhesion of SiMP/PAA-0Li and SiMP/PAA-1Li may not suppress the delamination
between the active layer and Cu foils and may retard electrochemical kinetics during
cycling.

Figure 4.5. (a) A schematic of scratch tests of SiMP electrodes. (b) The scratch depth vs.
distance profiles of SiMP/PAA-xLi electrodes. (c) The fracture toughness of the SiMP
electrodes calculated by Eq. (4.1). (d)-(h) are the SEM images of electrodes at the end of
scratches. (i) A high magnification SEM image of the as prepared SiMP/PAA-1Li
electrode.
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Figure 4.6. (a) Typical peel strength vs. peel extension profiles of SiMP/PAA-xLi
electrodes. (b) The average peel strength of SiMP/PAA-xLi electrodes. (c) Cu current
collectors of SiMP/PAA-xLi electrodes after peel tests. (d) The microstructure of the bare
Cu current collector in this study. (e)-(i) The microstructure of Cu current collectors after
peel tests of electrodes.
The electrochemical performance of SiMP/PAA-xLi electrodes with the same mass
loading of ~0.9 mg/cm2 was evaluated in half cells. Figure 4.7(a) shows typical chargingdischarging curves of a SiMP/PAA-0.75Li electrode at C/10. Due to the excessive
formation of SEI, the 1st discharge capacity of SiMP is smaller than that of the 2nd one.
The initial CE of SiMP/PAA-xLi (0 ≤ 𝑥 ≤ 0.75) electrodes is over 90%, as shown in Table
4.2. Nevertheless, the SiMP/PAA-1Li electrode has a low average initial CE of 88.5%,
which may be attributed to the irreversible electrochemical reactions of the thick SiOx layer
on SiMPs in the electrode.
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As shown in Figure 4.7(b), the SiMP/PAA-0.75Li electrode can maintain a high
capacity of about 2084 mAh/g at C/3 for 110 cycles, which is significantly higher than that
of SiMP/PAA-0Li (670 mAh/g) and SiMP/PAA-1Li (1289 mAh/g). The SiMP/PAA0.25Li and SiMP/PAA-0.5Li electrodes have similar long-term cycling performance but
are inferior to SiMP/PAA-0.75Li. In addition, the PAA-0.75Li binder renders SiMP
electrodes better rate capability than other PAA-xLi binders. As shown in Figure 4.7(c),
the SiMP/PAA-0.75Li electrode can deliver a capacity of ~938 mAh/g even at a 1.5 C (i.e.,
5400 mA/g or 4860 μA/cm2), while the capacity of SiMP/PAA-0Li dropped below 300
mAh/g at the same C-rate. Another advantage of PAA-0.75Li as a better binder for SiMP
electrodes than PAA-0.25Li and PAA-0.5Li is demonstrated by its higher capacity
recovery after reducing the C-rate from 1.5 C to C/5 after 36 cycles. Nevertheless, the
SiMP/PAA-0.75Li electrode undergoes capacity fading after 110 cycles, which could be
ascribed to the degradation of the Li metal counter electrode and electrolyte (e.g., the
excessive formation of Li dendrites) [27, 29].
The distinct electrochemical performance of SiMP/PAA-xLi electrodes is
consistent with the mechanical behavior and electrochemical activity of PAA-xLi binders
and mechanical integrity of the as-prepared electrodes. To further understand the binderdependent degradation mechanisms of SiMP electrodes, we analyzed the electrochemical
kinetics, SEI formation, and structural changes of SiMP/PAA-xLi electrodes during
cycling.

Table 4.2. The average initial CE, initial discharge capacity, and thickness increments
(after 15 cycles) of SiMP/PAA-xLi electrodes.
SiMP electrodes

Average initial
CE (%)

Initial discharge
capacity (mAh/g)

Thickness increment
after 15 cycles (%)

SiMP/PAA-0Li

91.23 ± 0.67

2786.33 ± 452.52

108 ± 9.5

SiMP/PAA-0.25Li

91.32 ± 0.28

2539.03 ± 458.82

35 ± 6.5

SiMP/PAA-0.5Li

90.68 ± 0.49

1798.60 ± 127.02

34 ± 11.7

SiMP/PAA-0.75Li

90.77 ± 0.81

2731.13 ± 604.65

36 ± 9.5

SiMP/PAA-1Li

88.49 ± 0.76

2896.62 ± 692.80

49 ± 7.8
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Figure 4.7. (a) Typical discharge/charge curves of the SiMP/PAA-0.75Li electrode in the
first two cycles. (b) The discharge capacity vs. cycle number profiles of SiMP/PAA-xLi
electrodes. (c) Rate-performance of SiMP/PAA-xLi electrodes. (d) The initial CV curves
of SiMP/PAA-xLi electrodes.
Electrochemical Kinetics
Electrochemical reactions of SiMP/PAA-xLi electrodes are analyzed by differential
capacity (dQ/dV vs. voltage) profiles. As shown in Figure 4.8, all SiMP/PAA-xLi
electrodes have similar dQ/dV profiles in the 1st galvanostatic cycle. The cathodic peaks
at 0.075 V and 0.04 V (not visible in Figure 4.8) in the initial cycle are ascribed to the
lithiation of crystalline SiMPs to amorphous LixSi (a-LixSi) and the transformation of aLixSi to crystalline Li15Si4 (c- Li15Si4), respectively [83-85]. The anodic peak at 0.44 V
corresponds to the delithiation of c- Li15Si4. During the 2nd lithiation, all SiMP electrodes
have two intensive peaks at 0.25 and 0.09 V due to the stepwise formation of amorphous
LixSi (a-LixSi) [84, 86]. A small peak at 0.03 V is observed and can be attributed to the
crystallization of a-LixSi to c-Li15Si4, which is consistent with the anodic peak at 0.44 V in
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the 2nd delithiation. The deviation of the critical crystallization voltage of c-Li15Si4 from
0.05 V to 0.03 V is caused by the large overpotential of SiMP electrodes.

Figure 4.8. Differential capacity vs. voltage curves of SiMP/PAA-xLi electrodes. The Crate are C/10 for the first 2 cycles, C/5 for the following 5 cycles, and C/3 for the subsequent
cycles.
After the first 2 formation cycles (at C/10), the C-rate increases. Due to the large
overpotential at high C-rates, the cathodic peak at 0.03 V diminishes, and a-LixSi, instead
of c-Li15Si4, becomes the major product after lithiation, consistent with the two broad
anodic peaks between 0.2 and 0.6 V. During long-term cycling, the cathodic peaks (P1 and
P2) shift to lower voltages, while the anodic peaks (P3 and P4) to high voltages. As shown
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in Figure 4.9, the P1 and P2 peaks of the SiMP/PAA-xLi (0.25 ≤ 𝑥 ≤ 0.75) electrodes
shift less than the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes during 100 cycles. The
P4 peak of the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes becomes a flat bump after
60 and 100 cycles, respectively. Moreover, the intensity of P1 reduced significantly. These
imply that the capacity contributed by the lithiation/delithiation reactions between P1 and
P4 continuously reduces during cycling [86]. The diminishing P1 and P4 and the severe
shifting of P2 and P3 in the SiMP/PAA-0Li electrodes may result from the changes in cell
electrochemistry caused by the excessive formation of SEI and decomposition of the
electrolyte, as shown later by the XPS measurements.

Figure 4.9. The evolution of P1 and P2 peaks during long-term cycling.
Figure 4.8 and 4.9 shows that the the P1-4 peaks of the SiMP/PAA-xLi (𝑥 =
0.25, 0.5, and 1) electrodes are weaker than that of SiMP/PAA-0.75Li electrode after 60
cycles. Therefore, the loss of active materials, i.e., the electrical isolation of Si particles,
could be a major cause of their faster capacity fading than SiMP/PAA-0.75Li. Overall, the
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evolution of dQ/dV profiles reveals that Li substitution affects the electrochemical
reactions of SiMP/PAA-xLi electrodes.Parasitic reactions and SEI
Parasitic reactions and SEI formation are readily seen in the 1st CV curves of SiMP
electrodes. As shown in Figure 4.7(d), a broad bump at 0.73 V is observed in the 1st CV
curves of the SiMP/PAA-xLi(0 ≤ 𝑥 ≤ 0.5) electrodes, which is consistent with the CV
curves of PAA-xLi@Cu films. In contrast, a voltage bump near 1.2 V appears in the 1st
CV profiles of the SiMP/PAA-0.75Li and SiMP/PAA-1Li electrodes. The 1.2 V bump has
been commonly observed in SiOx electrodes [87, 88] and thus is attributed to the thick SiOx
layer in the SiMP/PAA-0.75Li and SiMP/PAA-1Li electrodes. The different voltage peaks
in the 1st CV profiles indicate that PAA-xLi binders influence the composition and
structure of SEI in SiMP electrodes. Indeed, the XPS F 1s spectra [Figure 4.10(a)] show a
pronounced peak at 688.3 eV, corresponding to LixPFyOz, in the SiMP/PAA-0Li electrode
after the 1st galvanostatic cycling. This peak has a relatively low intensity in the
SiMP/PAA-0.25Li electrode and is quite weak in SiMP/PAA-xLi ( 0.5 ≤ 𝑥 ≤ 1 )
electrodes. Compared with the strong F 1s peak of LiF (684.9 eV), the F 1s signal for
LixPOyFz becomes absent in all SiMP electrodes after 5 cycles, as shown in Figure 4.10(b)
and (c). The evolution of F 1s spectra suggests that SiMP/PAA-xLi ( 0.25 ≤ 𝑥 ≤ 1 )
electrodes have less LixPOyFz formed in SEI than the SiMP/PAA-0Li electrode during the
initial cycle.
As shown in Figure 4.10(d), the O 1s spectra of SiMP/PAA-xLi (0.5 ≤ 𝑥 ≤ 1) after
the 1st cycle show clearly a peak at 528.8 eV, ascribing to Li2O. In contrast, no signal of
Li2O is observed in the SiMP/PAA-0Li and SiMP/PAA-0.25Li electrodes after the 1st, 5th,
and 100th cycles. The formation of Li2O is consistent with the ratio of SiOx on the surface
of SiMPs in SiMP/PAA-xLi electrodes, i.e., Li2O is generated by the electrochemical
reactions of the native SiOx layer. After 100 cycles, the Li2O signal remains almost the
same intensity in the SiMP/PAA-0.75Li electrode but decreases significantly in the
SiMP/PAA-0.5Li electrode and disappears in the SiMP/PAA-1Li electrode. Considering
the increasing intensity of the O 1s peak at 533.9 eV [Figure 4.10(d)-(f)], attributed to ROCOOLi, and the C 1s peak at 288.6 eV [Figure 4.10(g)-(i)], ascribed to C=O, Li2O in the
SiMP/PAA-1Li electrode is probably covered by the organic SEI components (e.g.,
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RCOOLi and ROCOOLi) after 100 cycles. The increasing intensity of the C 1s peak at
288.6 eV, relative to the 289.8eV peak, in the SiMP/PAA-0Li and SiMP/PAA-0.25Li
electrodes suggests the accumulation of organic components in the outer layer of SEI.

Figure 4.10. XPS spectra of SiMP/PAA-xLi electrodes after 1st, 5th, and 100th cycles. (a)(c) are F 1s, (d)-(f) are O 1s, and (g)-(i) are C 1s.
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After the 1st cycle, the SiMP/PAA-xLi ( 0 ≤ 𝑥 ≤ 0.5 ) electrodes have higher
intensity C 1s peaks at 288.6 eV than the SiMP/PAA-0.75Li and SiMP/PAA-1Li
electrodes. As the cycle number increases, the intensity of the C 1s peak at 288.6 eV
increases for SiMP/PAA-xLi ( 𝑥 = 0, 0.25, 0.5, and 1 ) electrodes, suggesting the
accumulation of organic SEI components on the surface. In contrast, little changes can be
observed for the C1s peaks (except the one corresponding to carbon black) of the
SiMP/PAA-0.75Li electrode during 100 cycles. Since organic SEI components have lower
ionic conductivity than inorganic ones (e.g., LiF, Li2O, and Li2CO3) [89], the SEIs in
SiMP/PAA-xLi (𝑥 = 0, 0.25, 0.5, and 1) are not as favorable for Li ion transport as the
stable SEI in the SiMP/PAA-0.75Li electrode. The evolution of F1s, O1s, and C1s spectra
demonstrates that the PAA-0.75Li binder can effectively stabilize SEI compared with other
PAA-xLi binders.
Mechanical integrity during electrochemical cycling
Due to the lithiation-induced volume expansion, SiMPs fracture even during the 1st
lithiation, as shown in Figure 4.11. Because all SiMP electrodes have relatively high
capacity in the initial cycles, it is believed that fractured SiMPs still connect well to the
electrode matrix and are electrochemically active. As shown in Figure 4.12(a), Si particles
in the SiMP/PAA-0Li electrode after 15 cycles are obscured by passivation layers, which
supports the excessive formation of SEI in this electrode. The repeated volume change of
SiMPs also induces extensive cracks at micrometer scale in the SiMP electrodes, as shown
in Figure 4.12. But these cracks may not be necessarily fatal to the electrochemical
performance as long as the electronic connection between Si particles and the binder/CB
matrix is secured [25].
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Figure 4.11. The microstructure of SiMP/PAA-0.75Li electrodes before and after the 1st
lithiation. The arrows indicate cracks in individual SiMPs after the 1st lithiation.

Figure 4.12. Surface microstructure of SiMP/PAA-xLi electrodes after 15 cycles.
The repeated volume change of Si particles leads to irreversible structural changes
of the electrodes, including the irreversible volume change of electrodes and delamination
between Si particles and the electrode matrix. As shown in Table 4.2, the thickness
increment of SiMP/PAA-0.25Li, SiMP/PAA-0.5Li, and SiMP/PAA-0.75Li electrodes are
about 35% after 15 cycles, which is much smaller than that of SiMP/PAA-0Li and
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SiMP/PAA-1Li electrodes. The large irreversible volume change of SiMP/PAA-0Li is
likely caused by the low stiffness and weak adhesion to Si of PAA-0Li. Despite its high E
and H, PAA-1Li cannot constrain the irreversible volume change of the electrode due to
the fractured microstructure of the as-prepared SiMP/PAA-1Li electrode [Figure 4.5(f)].
The large irreversible volume change and the excessive SEI layer account for the isolation
of Si particles in the SiMP/PAA-0Li and SiMP/PAA-1Li electrodes during cycling. In
contrast, PAA-xLi ( 0.25 ≤ 𝑥 ≤ 0.75 ) binders, particularly PAA-0.75Li, with strong
adhesion with Si and high stiffness, can bind the fractured Si particles to the matrix, inhibit
the disintegration of electrodes, and benefit the performance of SiMP electrodes.
The electrochemical performance of SiMP/PAA-xLi electrodes highly depends on
the properties of PAA-xLi binders. Their correlation suggests that the critical properties of
effective binders for SiMP electrodes are: (1) Robust mechanical properties, which
determine the irreversible volume change of SiMP electrodes. Due to the large volume
change of individual SiMPs during cycling, an electrode matrix made of soft binders can
be easily deformed permanently to a loose structure with poor electrical conductivity. A
stiff binder is therefore nseeded to strengthen the electrode matrix and maintain the
compact microstructure of SiMP electrodes. Although PAA-0Li can effectively strengthen
SiNP electrodes, the SiMP/PAA-0Li electrode has large irreversible thickness change. It
can be inferred that the Young’s modulus and hardness of an effective binder for SiMP
electrodes should be larger than those (11.88 and 0.46 GPa, respectively) of PAA-0Li.
Furthermore, the Young’s modulus (21.56 GPa) and hardness (0.74 GPa) of PAA-0.75Li
can be baseline for the mechanical properties of effective binders for SiMP electrodes. (2)
Strong adhesion with SiMPs, which is essential for securing the electronic connection
between SiMPs and the electrode matrix. The importance of adhesion could be inferred
from the comparison between SiMP/PAA-0.25Li and SiMP/PAA-1Li. PAA-0.25Li has
lower Young’s modulus and hardness than PAA-1Li, but it renders SiMP electrodes better
cycling performance than PAA-1Li due to its stronger adhesion with Si. (3)
Electrochemical stability, which is critical for stabilizing SEI and suppressing the
decomposition of electrolyte. Although abundant -COOH groups are helpful to build
hydrogen bonds with SiMPs, parasitic reactions between -COOH and LiPF6 reduce the
reactivity of the electrolyte and forms unfavorable SEI components. Effective binders are
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therefore expected to have appropriate chemical reactions with SiMPs in the slurry to
facilitate the formation of favorable SEI. Alternatively, the surface chemistry of SiMPs can
be engineered by, for example, coatings and heat treatment to improve the stability of SEI
[90-93]. In addition, binder solutions (in the solvent of slurry) are expected to have properly
high viscosity to uniformly disperse SiMPs.

Figure 4.13. (a) A schematic shows the correlation between binder properties and the
performance of Si composite electrodes. (b) The cycling performance of SiMP/PAA-0Li
and SiNP/PAA-0Li electrodes.
The advantageous properties of binders for SiMP electrodes, shown in Figure 4.13
(a), are the same as that for SiNP electrodes [18, 22, 25, 94]. To further identify the key
properties required, we prepared SiNP/PAA-0Li electrodes (using Si nanoparticles, d = 3050 nm, Nanostructured & Amorphous Materials) and SiMP/PAA-0Li electrodes (with the
same mass loading of ~1.0 mg/cm2) using the same approach. Both electrodes were cycled
at C/10 for the first 2 cycles and C/5 for the subsequent cycles. As shown in Figure 4.13(b),
the SiNP/PAA-0Li electrode has significantly higher capacity retention than SiMP/PAA0Li after 100 cycles. Considering that SiNPs and SiMPs undergo the same chemical
interactions in the aqueous slurry and the SiNP/PAA-0Li and SiMP/PAA-0Li electrodes
have the same electrochemical interactions with the electrolyte (or same parasitic reactions
and SEI), we speculate that SiMP electrodes have more demanding requirements on the
mechanical properties of binders and the adhesion between binders and Si than SiNP
electrodes. Although we propose that Young’s modulus and hardness of binders should be
larger than PAA-0Li, the minimum requirement of the binder@Cu adhesion need to be
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quantified in future studies. In addition, a proper balance between mechanical properties
of binders and the binder/Si adhesion may exist in effective binders for SiMP electrodes.
4.4

Conclusions
In this study, we investigated Li substituted PAA as binders for SiMP electrodes.

Li ions induced electrostatic associations of carboxyl groups change the properties of PAA,
as demonstrated by the increasing viscosity of PAA-xLi aqueous solutions and the
increasing E and H of PAA-xLi films with increasing x. At the electrode level, Li
substitution not only influences the cohesion and adhesion of the as-prepared SiMP
electrodes, but also affects the formation of SEI and degradation of electrochemical
reactions of SiMP electrodes. With appropriate mechanical and electrochemical stability,
PAA-0.75Li is found to render SiMP electrodes much better long-term cycling stability
and C-rate capability. Furthermore, the correlation between the properties of PAA-xLi and
the performance and degradation mechanisms of SiMP/PAA-xLi electrodes shows that
SiMP electrodes have much more demanding requirements of binders on their mechanical
properties, and adhesion with Si compared with SiNP electrodes. An effective binder for
SiMP electrodes should enhance the mechanical integrity and accommodate irreversible
volume changes of SiMP electrodes, maintain the electrical connections between Si
particles (even the cracked ones) and the electrode matrix, and stabilize SEI. The properties
of PAA-0.75Li and the performance of the SiMP/PAA-0.75Li electrode can be used as a
baseline to develop “better” binders for SiMP electrodes. In addition, metal cation
substitution of carboxyl groups can be a facile and scalable approach to tailor binders for
stabilizing the performance of SiMP electrodes and other high capacity electrodes that also
suffer from huge volume changes during cycling.
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CHAPTER 5. PRE-CYCLING AS A STRATEGY TO IMPROVE THE CYCLING STABILITY
SILICON MICROPARTICLE ELECTRODES IN LITHIUM-ION FULL CELLS
5.1

OF

Introduction
With well-designed polymeric binders, researchers have been able to achieve long-

term cycling stability of Si (both SiNP- and SiMP-based) composite electrodes in handmade half coin cells, which consists of the working electrodes (i.e., Si composite
electrodes), a piece of separator, and a piece of Li metal disc as the counter and reference
electrode. Half coin cells can yield reproducible testing results and have been used as a
first step to evaluate the performance of electrode materials at a lab scale although the
repeated formation of Li dendrites in half cells makes the irreversible capacity loss [27, 29,
95]. In contrast, the commercial format of LIBs is a full cell made with NMC, LFP, or
NCA composite electrodes as the cathode. The Li source in full cells is limited and stored
in the cathode. During the initial cycle, a certain amount of Li ions is consumed irreversibly
by side reactions (mostly by the formation of SEI), which reduces the available active Li
in one cycle. In contrast, half coin cells have abundant Li source in the Li metal electrodes,
which can compensate the Li consumed by side reactions. It is not surprising that lithium
ion full cells made of certain Si electrodes perform poorly although half coin cells made of
the same Si electrodes show excellent capacity retention [61, 96].
One essential step to improve the performance of Si electrodes in full cells is to
compensate the irreversible Li loss. To this end, several prelithiation strategies, i.e., storing
some additional active Li in Si-based anodes, have been developed to compensate the
permanent consumption of Li by side reactions, including (1) chemical lithiation of SiOx
by Li ion-contained solvents [97], ball-milling with Li [98] or thermochemical approaches
with LiOH [99]; (2) electrochemical prelithiation of Si by short-circuit with Li bulk metal
or powders [100]; and (3) using lithiated additives, such as Li2.6Co0.4N [101, 102]. These
approaches can improve the cycling stability of electrodes made of SiNPs, which have less
tendency to fracture. Nevertheless, the prelithiation protocol of SiMP electrodes may be
different from SiNP electrodes since SiMPs continuously crack into smaller particles and
expose new surface to the electrolyte during the initial cycles. The electrical isolation of
fractured particles and large lithium consumption pose challenges to the conventional
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prelithiation protocol. Herein, we developed in this study a pre-cycling approach to
stabilize SiMP electrodes for full cell applications. The pre-cycling process was conducted
by cycling SiMP electrodes (made of PAA-0.75Li as the binder) in half cells for 15 cycles,
during which the SiMPs broke into nano-sized particles. These Si nanoparticles form
clusters covered with a stable SEI. Electrochemical measurements show that the pre-cycled
SiMP electrodes made with adequate binders can remarkably improve the capacity
retention in full cells compared with the SiMP electrodes without the pre-cycling step. The
influence of binders on the effectiveness of pre-cycling was also investigated.
5.2

Experimental

5.2.1 Electrode Preparation
SiMP electrodes were prepared by mixing SiMPs (d = 1-5 μm, 99.9%, metals basis,
Alfa Aesar) and carbon black (Super C65, TIMCAL) in PAA-0.75Li aqueous solutions.
The mass ratio of SiMP, carbon black, and PAA-0.75Li was 60: 20 :20. Electrode slurries
were prepared by a planetary mixer (Mazerustar, KK-250S) and cast on a battery grade Cu
foil (24 μm in thickness) using a doctor blade. After drying at room temperature for 12 h,
the electrodes were dried in a vacuum oven at 75 ℃ for 12 h. The average mass loading of
SiMP electrodes is about 0.9 mg/cm2 as measured by an analytical balance (Mettler XS205
with a resolution of 0.01 mg). SiMP/PAA-0Li electrodes were also prepared for
comparative studies.
The NMC composite electrodes were prepared by mixing 92 wt% NMC
(LiNi0.33Mn0.33Co0.33O2, Umicore), 4 wt% polyvinylidene fluoride (PVDF, Alfa Aesar), 4
wt% carbon black (Super C65, TIMCAL) and N-methyl-2-pyrrolidone (NMP, Alfa Aesar)
using a planetary mixer (Mazerustar KK250S). The slurry was cast on a battery grade
aluminum foil. The electrode was dried at 100 ℃ in a vacuum oven for 12 h. Two sets of
NMC electrodes were prepared by controlling the gap of the doctor blade. After drying,
the average mass loadings of the NMC electrodes are respective 12.8 and 17.4 mg/cm2.
5.2.2 Full Coin Cell Assembly and Tests
To assemble full cells, the SiMP electrodes were punched to discs with a diameter of
12.7 mm and the NMC electrodes were punched to discs with a diameter of 12 mm. The
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separator is a Celgard 2400 with a diameter of 19 mm. 100 μL electrolyte (EC: DEC = 1:1
wt% with 10 wt% FEC, Gotion) was added for each full coin cells (CR 2025, MTI Corp.).
Using a BioLogic VPM-3 potentiostat, full cells were galvanostatically cycled between 2.4
and 4.2 V with a constant voltage holding period at 4.2 V until the current dropped below
C/20. The C-rate (based on the theoretical capacity of NMC111) is C/10 for the first two
cycles and C/3 for the subsequent cycles.
5.2.3 Pre-cycling Process
Half coin cells consisting of SiMP electrodes as the working electrodes and Li metal
discs as the counter and reference electrodes were used for the pre-cycling. The electrolyte
is the same as that used in full cells. The pre-cycling was conducted at C/10 for the first 2
cycles and C/5 for the 3rd to 14th cycles with a voltage window between 0.01 and 1.2 V
(vs. Li/Li+). The C-rate was set as C/10 for the last cycle, i.e., the 15th cycle.
After pre-cycling, the SiMP electrodes (at the delithiation state) were taken out from
half coin cells, and assembled in full cells with 100 μL electrolyte, and an NMC electrode
as the counter electrode. The NP ratio is 1.1 based on the average real capacity (2200
mAh/cm2) of SiMP electrodes after pre-cycling. Full cells were cycled with the same
protocol as the fresh SiMP || NMC full cells. We denote the full cells made of fresh SiMP
as the fSiMP || NMC cells and those made of pre-cycled SiMP as the cSiMP || NMC cells.
5.3

Results and Discussion
Figure 5.1(a) and (b) show the capacity vs. voltage curves of fSiMP || NMC cells. The

as-prepared SiMP/PAA-0.75Li and SiMP/PAA-0Li electrodes can deliver an initial
capacity of 2076.8 and 2134.3 mAh/g, respectively. Both cells have a low initial CE of
73.5%. During subsequent cycles, their capacity reached to a transient plateau and dropped
quickly to 1259.9 mAh/g and 980.9 mAh/g, respectively, after 50 cycles, as shown in
Figure 5.1(c). The fast capacity fading of fSiMP || NMC cells implies that the as-prepared
SiMP electrodes cannot be applied to full cells.
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Figure 5.1. The capacity (based on the weight of Si) vs. voltage profiles of (a) fSiMP/PAA0.75Li || NMC and (b) fSiMP/PAA-0Li || NMC full cells in the 1st, 5th, 10th, and 50th
cycles. (c) is the discharge capacity vs. cycle number profiles of both fSiMP || NMC cells.
The degradation of both fSiMP/PAA-0Li || NMC and fSiMP/PAA-0.75Li || NMC full
cells can be ascribed to the continuous formation of SEI on the fractured SiMP surface. As
shown in Figure 5.2(a)-(e), the irregular shaped SiMPs expanded and fractured after the
1st lithiation. The cracks remained in SiMPs after the 1st delithaition. SiMP continued to
fracture and gradually pulverized during subsequent cycles. The small particles still
aggregated, forming large clusters. After 15 cycles, the particles in the clusters became
nanosized, as shown in Figure 5.2(k). As the morphology of SiMPs changes little from the
10th cycle to 15th cycle, it is believed that the microstructure of SiMP electrodes is
stabilized after 15 cycles. We therefore pre-cycle SiMP electrodes for 15 cycles.
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Figure 5.2. The microstructure evolution of fSiMP/PAA-0.75Li electrodes during cycling
in half coin cells: (a) the pristine as-made electrode; electrodes after (b) 1st lithiation, (c)
1st delithiation, (g) 5th delithiation, (h) 10th delithiation, and (i) 15th delithiation. (d)-(f)
and (j)-(l) are higher magnification images of (a)-(c) and (g)-(i), respectively.
Figure 5.3 (a) and (b) show the capacity vs. voltage curves of cSiMP || NMC cells. The
cSiMP/PAA-0.75Li and cSiMP/PAA-0Li electrodes can deliver an initial capacity of
1945.2 and 1955.7 mAh/g, lower than their fresh counterparts. Importantly, their average
initial CE is improved to 87.8% and 83.6%, respectively. The capacity of cSiMP/PAA-
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0.75Li drops slowly to 1350.1 mAh/g during the subsequent 100 cycles, as shown in Figure
5.3(c). In contrast, the cSiMP/PAA-0Li electrode degrades quickly, i.e., the capacity drops
to 443.2 mAh/g after 50 cycles. As analyzed in Chapter 4, the electrochemical instability
of PAA-0Li causes the continuous decomposition of LiPF6 and leads to the excessive
formation of LixPFyOz in the SEI layer. In addition, the large amount of organic SEI
components affected the electronic conductivity of Si particles, as confirmed by XPS
(Figure 4.10) and the severe charging in the SEM image of SiMP/PAA-0Li electrodes
shown in Figure 5.4. Moreover, the weak adhesion between PAA-0Li and SiMPs may not
be able to hold particles together during cycling. As a result, an increasing number of Si
lose activity, which is similar to the scenario in half cells. Overall, the coupling between
electrochemical side reactions and electrical isolations leads to the fast capacity fading of
SiMP/PAA-0Li in both half and full cells.

Figure 5.3. The capacity vs. voltage profiles of (a) cSiMP/PAA-0.75Li || NMC and (b)
cSiMP/PAA-0Li || NMC full cells in the 1st, 5th, 10th, and 50th cycles. (c) is the discharge
capacity vs. cycle number profiles of both cSiMP || NMC cells.
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Figure 5.4. The microstructure of SiMP/PAA-0Li electrodes after 15 cycles. The severe
charging effect in the SEM images indicates the poor electrical conductivity of the
electrode matrix.
The comparison between fSiMP/PAA-0.75Li || NMC and cSiMP/PAA-0.75Li || NMC
cells supports the following mechanisms responsible for the effects of pre-cycling. The
repeated volume changes during lithiation/delithiation break SiMPs into nanoparticles,
which agglomerate and form clusters. The robust elasticity and reliable adhesion to Si of
PAA-0.75Li binders helps retain the electrical connectivity between the clusters and the
binder/carbon matrix. The particle breaking process also facilitates the formation of SEI
on the fresh Si surface by consuming Li and the electrolyte. The latter remarkably reduces
the electrochemical reactivity and leads to the fast capacity fading of fSiMP/PAA-0.75Li
|| NMC full cells. The electrochemical side reactions and the particle breaking also happen
in the SiMP/PAA-0.75Li electrode during pre-cycling. However, both fracture and SEI
formation can be stabilized during the pre-cycling in half coin cells. As new electrolyte is
supplemented when assembling the full cells, the electrochemical reactivity on the Si
electrode side is restored. Hence, full cells made of pre-cycled SiMP/PAA-0.75Li
electrodes can cycle in a relatively stable manner. The poor performance of cSiMP/PAA0Li || NMC indicates that the structural and electrochemical instability of SiMP electrodes
made of ineffective binders cannot be repaired by pre-cycling. Therefore, the effectiveness
of pre-cycling strongly depends on binders.
Compared with the reported electrochemical and chemical pre-lithiation process, the
pre-cycling, shown in this study, was conducted at the electrode level, avoiding the solvent-
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based slurry process and the safety hazard concerns of the pre-lithiated active particles. It
may also be carried out in an electrochemical bath in a large scale and developed into a
roll-to-roll process. Although the pre-cycling process increases the expenditure of existing
LIB production from the consideration of time and the cost of extra electrolytes, it provides
the possibility of using low-cost simp as electrodes for high energy density LIBs.
5.4

Conclusions
We developed a pre-cycling approach to stabilize SiMP electrodes for full cell

applications. The pre-cycling process breaks SiMPs to clusters consisting of nanosized
particles with stablizeds SEI on the fractured surface. Paired with fresh NMC cathodes, the
pre-cycled SiMP/PAA-0.75Li electrode can retain a high capacity of 1194 mAh/g after 150
cycles, much higher than the fresh ones (about 443 mAh/g after 50 cycles). In addition, the
pre-cycling method is effective only if an effective binder, such as PAA-0.75Li, is used for
SiMP electrodes. It cannot improve the cycling stability of SiMP electrodes made of
ineffective binders, such as PAA-0Li. This facile pre-cycling approach may also be
applicable to other high capacity battery electrodes made of low-cost large particles, such
as SixO and Sn.

63

CHAPTER 6. CONCLUSIONS AND FUTURE WORK
In this dissertation, the electrochemical-mechanical degradation of NMC and SiMP
electrodes was investigated. For the NMC electrodes, the fracture behavior and its interplay
with electrochemical reactions of single secondary particles were studied using flat punch
indentation measurements. Major conclusions are as follows.
(1) The fracture of NMC secondary particles under uniaxial compressive stress, such
as by indentation, is dominated by the intergranular fracture instead of transgranular
fracture. The fracture strength shows, statistically, independence of particle size whereas
the critical load increases with the particle size.
(2) Electrochemical cycling has great effect on the fracture behavior of NMC
secondary particles. In the first cycle, the fracture strength decreases gradually during
delithiation, reaches the lowest point at full delithiation state, and then gradually increases
during the lithiation process, which implies that the fracture behavior is affected by the
stress generated in the secondary particles. In addition, the fracture strength cannot fully
recover at the full lithiation state as the cohesion between primary particles have been
weakened during cycling.
To further understand the electrochemical-mechanical degradation of NMC
electrodes, future efforts are needed in directions including:
(1) Link particle fracture with the degradation of NMC electrodes. Secondary particle
fracture was extensively found in the initial cycles. Simultaneously, transient chemical
reactions take place. To evaluate the relationship between the fracture strength of NMC
secondary particles and the performance loss, it is imperative to isolate the mechanical and
chemical degradation. If the former plays a dominate role, efforts should be devoted to
controlling the coprecipitation process or element doping to improve the adhesion between
primary particles.
(2) Disintegration behavior of NMC secondary particles during long-term cycling and
harsh cycling protocols, including high temperature, deep charging (high voltage), and high
C-rate.
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The rest parts of this dissertation focus on low-cost SiMP electrodes. By comparing
the electrochemical performance of SiMP electrodes made of different binders, the
following conclusions can be drawn.
(1) The degradation of SiMP electrodes relies on polymeric binders. Unlike SiNP
electrodes, the strong adhesion between binders and Si particles alone is not enough to
ensure the cycling stability of SiMP electrodes. An effective binder for SiMP electrode
should have robust mechanical properties, high adhesive strength with Si, and
electrochemical stability. These requirements are more demanding for SiMP electrodes
than for SiNP electrodes.
(2) Metal ion substitution can be an easy approach to modify carboxyl-rich binders for
SiMP electrodes. As shown by PAA-xLi in this study, proper Li substitution (i.e., 𝑥 =
0.75) can improve the Young’s modulus and hardness of PAA, enhance the cohesion and
adhesion of SiMP electrodes, as well as stabilize the SEI layer. The PAA-0.75Li renders
SiMP electrodes the cycling performance comparable with the reported advanced binders
synthesized by sophisticated and costly methods and, hence, can be used as a baseline for
developing “better” binders for SiMP electrodes.
(3) Pre-cycling can stabilize the SEI in SiMP electrodes (made of effective binders)
and significantly improve the cycling stability of full cells made of SiMP electrodes with
the effective binders. SiMP electrodes made of ineffective binders suffer from the
electrochemical-mechanical degradation in both half and full cells and cannot be alleviated
by the pre-cycling method.
With the above findings, future directions of low-cost SiMP electrodes can be driven
to:
(1) Developing strategies to modify existing binders and functionalize the surface of
SiMPs to improve the mechanical and electrochemical compatibility between binders and
SiMPs.
(2) Exploring facile electrochemical methods to fracture SiMPs into nanosized
particles for LIB applications.
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APPENDIX 1. MECHANICAL MEASUREMENT METHODS
Several mechanical measurement methods used in the research of LIB electrodes are
summarized in Table A1.
Table A1. Mechanical test methods and their applications in LIB research.
Test method

Typical applications

Uniaxial tensile test

Elastic modulus, and tensile strength of polymeric binders
[26, 103, 104] and separators [105, 106].

Compression test

1. Elastic modulus and yield strength of NCA cathode and
graphite anodes [107].
2. Modulus and flow stress of separators [105].

Nanoindentation

1. Young’s modulus and hardness of electrode
components, including binders [24, 51], Si wafer and thin
film electrodes [108-111], and NMC [112].
2. Time-dependent behavior of Si [108, 110].
3. Fracture toughness of electrode materials, including Si
[111], Ge [113], NMC [41].

Scratch test

Cohesive strength of composite electrodes [91, 92, 114].

Peel test

Peel strength of binder@Si [22] and electrode@current
collector [22, 115, 116] systems.
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